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Abstract
Traumatic joint injury can induce acute damage to cartilage and surrounding joint
tissues accompanied by an inflammatory response, which can significantly increase the risk of
developing Qsteoarthritis. The mechanism by which joint injury results in disease development
is not fully understood. However, chondrocyte metabolism is greatly affected by the transport
properties of cartilage extracellular matrix, which determine the accessibility and the
concentrations of various proteins and therapeutic agents to cells and cell receptors. Using in
vitro models of mechanical injury to cartilage, we have characterized the uptake and binding of
proteins and biopharmaceuticals in normal articular cartilage and have compared the results to
those in cartilage subjected to mechanical injury and pro-inflammatory cytokines.
We studied equilibrium partitioning and non-equilibrium transport into cartilage of Pf-
pep, a 760 Da positively charged peptide inhibitor of the proprotein convertase PACE4.
Competitive binding measurements revealed negligible binding to sites in the matrix. The
uptake of Pf-pep depended on GAG charge density, consistent with predictions of Donnan
equilibrium. The diffusivity of Pf-pep was measured to be ~1 x 10-6 cm2/s, close to other
similarly-sized non-binding solutes. These results suggest that small positively charged
therapeutics will have a higher concentration within cartilage than in the surrounding synovial
fluid, a desired property for local delivery; however, such therapeutics may rapidly diffuse out
of cartilage unless there is additional specific binding to intratissue substrates that can maintain
enhanced intratissue concentration.
We have also examined the effect of mechanical injury and inflammatory cytokines,
TNFa, on the uptake of anti-IL-6 antibody Fab fragment (48 kDa). Anti-IL-6 Fab was able to
penetrate into cartilage, though final equilibrium uptake would likely occur only after 6-10 days
within 1 mm thick explant disks. Uptake of anti-IL-6 Fab was significantly increased following
mechanical injury of the cartilage in vitro. A further increase in uptake was caused by TNFa
treatment combined with mechanical injury. The increase in uptake was accompanied by GAG
loss from the tissue, suggesting that there can be greater accessibility of large solutes into
cartilage after direct mechanical injury or inflammatory cytokine treatment to the tissue, where
the increase in uptake was related with the severity of matrix damage and loss.
We also studied the binding and uptake of TNFa in articular cartilage and observed
significant binding of TNFa to matrix sites. Binding was stronger for the monomeric form of
TNFa compared to trimeric form. Binding of TNFa was not disrupted by pre-treatment of the
tissue with trypsin, indicating that the intra-tissue binding sites were not removed by trypsin-
induced proteolysis of the matirx. These results suggest that matrix binding as well as
monomer-trimer conversion of TNFa both play crucial roles in regulating the accessibility of
TNFa to cell receptors.
The results of this thesis are significant in that they suggest that injurious mechanical
loading and inflammatory cytokine applied to cartilage can affect transport processes within the
tissue. The resulting altered transport, in turn, can influence the accessibility of pro-
inflammatory cytokines and anti-catabolic drugs which are designed to treat pathogenesis of
OA.
Thesis Supervisor: Alan J. Grodzinsky, Professor of Biological, Electrical, and Mechanical
Engineering
Thesis Co-Supervisor: Eliot H. Frank, Principle Research Engineer, Center for Biomedical
Engineering
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CHAPTER 1
Introduction
1.1 Articular cartilage structure
Articular cartilage is a load-bearing tissue found at the end of long bones within the
synovial joints. Main functions of cartilage are to provide a smooth and almost frictionless
surface for the joint articulation and also to distribute loads between joint surfaces.
Chondrocytes are responsible for maintaining and repairing cartilage to sustain its mechanical
properties. However, the ability of the cells to repair tissue post injury is very limited. Since
adult articular cartilage is avascular and alymphatic, essential nutrients, signaling molecules,
metabolites, and waste products must be delivered to or removed from chondrocytes through
the extracellular matrix (ECM) [1], which constitutes ~ 20-40% of the wet weight of cartilage,
whereas chondrocytes comprise only few % of the tissue volume in adult articular cartilage [2].
Therefore, transport through the cartilage is mainly regulated by the integrity of structural
components of the ECM, primarily type II collagen fibrils and aggrecan molecules.
Chondrocyte is an only cell type that exists in the cartilage tissue. Although
chondrocytes account for very small portion of cartilage by volume, the cells are solely
responsible for maintaining the tissue homeostasis. To maintain the tissue, chondrocytes
synthesize and assemble matrix molecules but also involve in degradation to replace old or
damaged part of the matrix. In healthy tissue, the balance between synthesis and degradation is
well maintained. However, in disease, this balance no longer exists, resulting in destruction of
cartilage tissue, which suggests critical role of chondrocytes in pathogenesis of OA [3]. Cell
size, shape and density vary with depth, accompanying the change in structure and components
of matrix [2].
Tissue water comprise up to 80% of the wet weight of articular cartilage, which is most
abundant component of the tissue. Osmotic pressure generated from negatively charged GAGs
imbibes water, keeping tissue hydrated, and the amount of water in the tissue depends on the
structure of GAG and collagen. Collagen fibrils prevent the full swelling of GAG component,
which balances with osmotic pressure from GAG, regulating the water content in the tissue.
Tissue hydration is highest at the surface and decrease with depth, indicating the heterogeneity
of ECM components and interaction at each region. Osteoarthritic cartilage generally shows
increased hydration due to damaged collagen, which causes the imbalance between swelling
pressure and collagen tension [4].
Type II collagen makes up 70% of dry weight of cartilage tissue. Type II is a most
abundant type (-90%) of collagen, and other collagens, such as collagen types IX, XI, VI, and
X, are present in small amount. Major mechanical function of collagen network is to resist to
tensile strength, which is affected by the degree of cross-linking. Ultrastructure of collagen
networks, such as collagen packing density and its orientation, is highly heterogeneous along
the depth. Collagen fibers aligned parallel to the surface at the superficial layer, more randomly
oriented at the middle zone, and run perpendicular to the surface at the deep zone. Oriented
alignment of fibers caused anisotropic diffusion that again varied with in the structure of
collagen network [5].
Proteoglycan consists of -15-25% of the dry weight of cartilage tissue. Large
aggregating aggrecan is most abundant form of proteoglycan in cartilage tissue, which is
responsible for resisting compressive force. This unique mechanical property is caused by
negative charge on sulfated GAG chains, which is attached to core protein backbone.
Proteoglycan unit is composed of core protein and GAG-rich region, and this unit, in turn,
binds to hyaluronic acid to form a large aggregate. Beyond the mechanical property,
proteoglycan content has major impact on the transport property of the cartilage tissue.
Proteoglycan is primarily responsible for restricting solute transport [6]. For large solutes, their
mobility was significantly affected by GAG content of tissue. Additionally, charge-charge
interaction between fixed charges on proteoglycan and charged solutes played a crucial role
determining the partitioning of such solutes [7].
1.2 Transport in articular cartilage
1.2.1 Partition coefficient. The partition coefficient is the equilibrium concentration of
"unbound" solutes in the cartilage normalized to the concentration of those solutes in the
equilibration bath. Partition coefficient represents relative concentration of solutes compared to
surrounding fluid. A partition coefficient of 1 suggests that distribution of solutes in the tissue
is same as that in the surrounding solution. A partition coefficient greater than 1 indicates
enhanced uptake due to charge interaction with negligible effect from steric hindrance, whereas
a partition coefficient less than 1 implies exclusion by steric hindrance or charge interaction.
Partition coefficient is significantly affected by the charge and size of solutes,
composition of matrix and loading on the tissue [1, 6-10]. Negative charges on GAG chains
interact with charged solutes, resulting in exclusion of negative charged solutes and enhanced
uptake of positively charged solutes. Charge-charge interaction between negatively charged
matrix and charged solutes was well explained by Donnan partitioning effect. For example,
partition coefficients of small charged molecules, such as Na* and Cl, were consistent with
prediction from Donnan theory. The partition coefficient of Na* increased with increasing fixed
charge density, while the partition coefficient of Cl decreased with increasing fixed charge
density.
For large solutes, partitioning was significantly affected by steric exclusion by matrix
molecules, and thus size of solutes and fixed charge density of the tissue were key factors
regulating the partition coefficient. Partition coefficient of solutes decreased with increasing
solute size and fixed charge density. Maroudas showed that partitioning of large solutes well
followed Ogston's theory, which described the exclusion of globular solutes in rod-like
molecules in solution [11]. Partitioning of charged large solutes was also affected charge
interaction with negatively charged matrix. For example, cationized bovine serum albumin
(BSA), had increased uptake and prolonged retention compared to native BSA [12-14].
1.2.2 Equilibrium binding. Binding of certain solutes (e.g., proteins) to sites within the
ECM or, in general, to cell receptors, can change intra-tissue concentration and transport
kinetics through cartilage. To study the effect of binding on the concentration of solutes within
the tissue, uptake ratio is measured, which is the equilibrium concentration of "unbound" and
"bound" solutes in the cartilage normalized to the concentration of those solutes in the
equilibration bath. Presence of binding sites can be tested using competitive binding by
unlabeled species, which will compete with labeled solutes for the same binding sites. For
example, reversible binding of the anabolic growth factor, insulin-like growth factor-I (IGF-I)
to its binding proteins (IGFBP) resulted in the measured uptake ratio above 1 and the uptake
ratio significantly decreased by adding increasing amount of unlabeled IGF-I (Fig la). By
comparing equilibrium uptake to the binding predicted by models such as that of a Langmuir
isotherm, i.e., a bimolecular, first order, reversible reaction (Fig. la), values of the binding
constants can be estimated (e.g., binding site density, dissociation constant, partition coefficient,
etc.). Diffusive transport of IGF-I was also affected by binding reaction during the transport
process, resulting in increased diffusion lag time of IGF-I through adult bovine cartilage (Fig.
lb) [15].
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Figure. 1 (a) Uptake ratio of 12 5 1-IGF-I with graded concentration of unlabeled JGF-I in free
swelling explants from bovine calf cartilage (b) Transport kinetics and steady state diffusion
flux of 1251-IGF-I through adult bovine cartilage (figure adapted from [15]).
1.2.2 Diffusion in cartilage. Since the adult cartilage is avascular and alymphatic,
diffusion is a crucial mechanism that delivers key nutrients and metabolites to chondrocytes.
The rate of diffusion in cartilage was significantly affected by several properties of solute and
matrix, such as solute size, solute charge, and tissue hydration. Intra-tissue diffusivities of
solutes were smaller than diffusivities in free solution due to reduced pore size, increased
tortuous path, and friction from diffusing through comparable size of pore. In general, diffusion
coefficient in cartilage decreased with increasing size of solute and matrix density. For small
solutes, including water molecules and ions, the diffusion coefficient was mainly governed by
tissue hydration and well predicted by Mackie-Meares model based on solid volume fraction [1,
7, 16]. For large solutes, the effect of friction between solute and matrix becomes more
important, since the spacing between GAG chains is known to be 2-10 nm. Diffusivities of
large solutes, indeed, decreased with increasing solute size and GAG density [7, 17].
Due to the crucial role of ECM in solute diffusion, the difference in structure and
composition of ECM due to zonal heterogeneity, static compression or enzymatic digestion of
matrix can cause significant change in solute diffusivities. For small solutes, there is mixed
evidence on the dependence of solute diffusivity on the matrix density. Diffusivities of urea (60
Da) and glucose (180 Da) did not vary significantly with tissue depth [7]; static compression,
however, which increases solid volume fraction, reduced the diffusivities of Na* and S042 ions
[10] and tetramethylrhodamine (TMR, 430 Da) [8, 9]. Removal of proteoglycans using trypsin
did not affect the diffusion coefficient of glucose [18], but did change that of gadolinium-
DTPA (530 Da) [19]. These differences may be associated with the different methods used in
these various studies. For large solutes, including 3kDa, 10 kDa, and 40 kDa dextrans, static
compression decreased diffusivities [8, 9, 20]; Proteoglycan removal increased diffusivities of
5 kDa inulin and 70 kDa dextran [18]. Leddy et al. found that diffusivities of 3 kDa and 500
kDa dextrans decreased with tissue depth while diffusivities of 40 kDa and 70 kDa dextrans
increased [21].
1.3 Thesis Objectives
The goal of this thesis was to characterize uptake and binding kinetics of proteins,
biopharmaceuticals and small pharmaceutical compounds in articular cartilage and to evaluate
the effect of joint injury and pro-inflammatory cytokine on transport properties.
The objective of Chapter 2 was to quantify and model the equilibrium uptake and
transient transport kinetics in normal cartilage of specific pharmaceutical agents, including
small peptides and proteins against OA. The working hypothesis was that transport of peptide
or protein therapeutics into and within cartilage tissue is affected by the size and charge of the
drugs as well as specific components of the cartilage matrix.
The goal of Chapter 3 was to evaluate the effect of cartilage mechanical injury and
inflammatory cytokines on the uptake of anti-catabolic therapeutics, and to relate the alteration
in intra-tissue transport of these molecules to the extent of degradation of cartilage. We tested
the hypothesis that injurious mechanical loading and inflammatory cytokine applied to cartilage
can affect the kinetics of uptake and retention of therapeutic agents within the tissue via
degradation and remodeling of the matrix.
In chapter 4, we characterized the uptake and binding of the major pro-inflammatory
cytokine, TNF-a, and to discover the key factors determining transport process of TNF into
cartilage.
In chapter 5, conclusions from each chapter are summarized and future work is
proposed.
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CHAPTER 2
Transport and Equilibrium Uptake of a Peptide
Inhibitor of PACE4 into Articular Cartilage is
Dominated by Electrostatic Interaction*
* This chapter has been accepted to Archives of Biochemistry and Biophysics for publication.
2.1 Introduction
In this study, we focused on the effects of Donnan partitioning and matrix binding
interactions on the transport and uptake of a small (760 Da) positively charged peptide inhibitor
of paired amino acid converting enzyme-4 (PACE4). PACE4 is a Ca2+-dependent serine
endoprotease belonging to the subtilisin-like proprotein convertase family, and is a key
proprotein convertase responsible for extracellular activation of aggrecanases from their
inactive latent forms within cartilage [1]. ADAMTS-4 (aggrecanase-1) and ADAMTS-5
(aggrecanase-2) are synthesized as latent zymogens [2, 3] by chondrocytes, and their catalytic
activity depends on the removal of their prodomains [1, 4, 5]. Both aggrecanases cleave the
aggrecan core protein at multiple sites (e.g., Glu373, Glu 1545, Glu 17 14 , Glu1 819, and Glu 919 [6, 7]),
resulting in the release of aggrecan fragments from cartilage in vitro [8, 9] and into the synovial
fluid of osteoarthritic (OA) knees [10, 11] in vivo. Since the proteolytic activities of ADAMTS-
4 and ADAMTS-5 are believed to play a crucial role in the pathogenesis of OA [12], PACE4 is
regarded as a potential therapeutic target for OA. Therefore, studying the physicochemical
mechanisms that govern the penetration and transport of such charged peptide inhibitors into
cartilage will help to understand their potential therapeutic benefits.
Since adult articular cartilage is avascular and alymphatic, therapeutic agents must be
delivered to intratissue targets through the extracellular matrix (ECM) [13], which constitutes ~
20-40% of the wet weight of the tissue [14]. Transport through cartilage is regulated by the
collagen fibrils and proteoglycans of the ECM, primarily, which accounts for ~ 60-70% and ~
15-25% of the dry weight of the tissue, respectively [15]. The negatively charged
glycosaminoglycan (GAG) chains of aggrecan play a unique role in determining the transport
properties of the cartilage. The pioneering studies of Maroudas and co-workers [13, 15, 16]
showed that the partitioning of free (unbound) electrolyte ions into cartilage (e.g., Na* and C1)
is governed by Donnan equilibrium between the tissue and its bathing solution, associated with
electrostatic interactions between matrix GAGs and these ionic solutes. Uptake of free cations
into cartilage was enhanced by Donnan equilibrium, whereas anions were largely excluded, and
partitioning was further affected by the ion valence in a manner predicted by Donnan theory.
In addition, electrostatic interactions between soluble protein factors and GAGs can
regulate transport and binding of these soluble proteins within cartilage. For example, insulin-
like growth factor-I (IGF-1) is a basic protein (pI -8.5) that partitions into cartilage on the basis
of size (steric interactions) and charge (Donnan equilibrium); in addition, IGF- 1 binds to
specific IGF binding proteins (IGFBPs) that are contained within the ECM [17, 18]. Recently,
an HB-IGF- 1 fusion protein consisting of native IGF- 1 with the heparin-binding (HB) domain
of heparin-binding epidermal growth factor-like growth factor (HB-EGF) was designed,
purified [19] and found to bind specifically to chondroitin sulfate (CS) GAGs of aggrecan as
well as heparin sulfate (HS) GAGs of HS-proteoglycans [20]. The high concentration of
positively charged lysine residues within the heparin-binding domain thereby conferred higher
uptake and binding of HB-IGF-1 within cartilage ECM and long-term delivery to chondrocytes
compared to wild-type IGF-1 [19], even after the HB-IGF-1 was removed from the medium.
Similarly, cationized bovine serum albumin (BSA), had increased uptake and prolonged
retention via binding within murine cartilage compared to native BSA [21-23].
Interestingly, however, augmenting the net positive charge of a given small or large
solute does not necessarily result in binding interactions to negatively charged ECM molecules.
Since binding and Donnan partitioning can independently increase the intratissue uptake of a
basic protein, experimental methods to characterize each separate mechanism are needed. One
approach involves the use of competitive binding assays in which radiolabeled and unlabeled
ligands compete for the same binding sites within cartilage tissue, such that the uptake of the
labeled ligand changes dramatically as the concentration of unlabeled ligand is varied over a
wide range. This method was used to characterize binding of IGF-1 to IGFBPs, while Donnan
partitioning of IGF- 1 was found to play a far less important role [18, 24]. It is important to note
that binding to ECM not only increases total solute uptake in cartilage but can slow the initial
diffusion kinetics until a final steady concentration profile within the tissue is achieved, giving
rise to a diffusion-binding lag time [18, 24]. To understand the transport of charged solutes into
cartilage, binding and partitioning must be distinguished from each other, since these two
mechanisms affect the uptake and transient diffusion in very different ways.
To achieve this goal, our objectives were (1) to quantify the equilibrium partitioning
and non-equilibrium diffusion of the peptide inhibitor Pf-pep in cartilage, and (2) to assess the
extent of binding of the peptide to sites within the tissue. The effect of charge-charge
interactions and tissue heterogeneity on uptake and transport were examined. Experimental
results were compared to theoretical models of Donnan equilibrium partitioning, reversible
binding, and non-equilibrium diffusive transport in cartilage.
2.2 Materials and Methods
Tissue harvest. Cartilage explants were harvested from the femoropatellar grooves of
three 18-24 months old cows (Bertolino Beef, Boston, MA) and a 1-2 weeks bovine calf
(Research 87, Marlborough, MA) [18]. Briefly, 9-mm diameter cartilage-bone cylinders were
cored, mounted on a microtome and sliced sequentially from the top surface to divide explants
into level-I (L1, -400 pm with superficial zone intact) and level-2 (L2, -400 pim below LI). To
measure time-dependent diffusive transport of the inhibitor into and across cartilage, the 9-mm
diameter slices were used as cut. For equilibrium uptake studies, four 3-mm diameter disks
were punched from each of the 9-mm slices and distributed evenly into groups from among
different harvest sites along joint surfaces. All cartilage specimens were equilibrated overnight
at 4'C in 1 x phosphate buffered saline (PBS) supplemented with 0.1% bovine serum albumin
(BSA), 0.01% sodium azide (NaN3) and protease inhibitors (Complete, Roche Applied Science,
Indianapolis, IN) prior to experiments.
Solute structure andpreparation. Pf-pep is a 760 Da, basic (trivalent) peptide
inhibitor of PACE4 having the sequence Arg-Tyr-Lys-Arg-Thr, pI= 11, and an IC50 = 2 pM
measured by screening the peptide against recombinant rat PACE4 and monitoring activity
using a peptide substrate as previously described [1]. Radio-iodinated 125I-Pf-pep and unlabeled
Pf-pep were provided by Pfizer (St. Louis, MO). For the iodinated species, the tyrosine residue
was labeled using lactoperoxidase labeling [25]. Before all experiments using 1 25I-Pf-pep,
Sephadex Gi0 chromatography was used to separate and remove any small 125I-species that
may have resulted from degradation of 125I-Pf-pep, (0.7 x 50 cm columns using an elution
buffer of 1 xPBS buffer with 0.1% BSA and 0.01% NaN3, and the void volume collected for the
desired 12 5I-Pf-pep) [18].
Equilibrium uptake of Pf-pep. In order to measure equilibrium partitioning of Pf-pep
into cartilage and to determine whether Pf-pep may bind to sites within the tissue [24], disks
were equilibrated in a buffer containing a fixed amount of 1 25I-Pf-pep (0.127 nM, specific
activity 2000 Ci/mmol) and graded amounts of unlabeled Pf-pep (0.5, 1, 2, 4, 8, 16, 32, and 64
nM, shown schematically in Fig. 2.1 a). The buffer consisted of 1 xPBS supplemented with
0.1% BSA, 0.0 1% NaN 3 and protease inhibitors at 4'C. After 48 hours, disks were removed
from the bath and briefly rinsed in fresh PBS buffer (equilibrium was reached by 48 hours; see
Results below). The surface of each disk was quickly blotted with Kimwipes and the wet
weight was measured. The 1 25I-radioactivity of each cartilage disk and aliquots of the
equilibration baths were quantified individually using a gamma counter. Disks were then
lyophilized and the dry weight was measured; the water weight of each disk was calculated
from the tissue wet and dry weights. The inhibitor uptake ratio was calculated as the
concentration of the 1251-Pf-pep in the cartilage disks (per intratissue water weight) normalized
to the concentration of 12 5I-Pf-pep in the equilibration bath. Radio-labeled and unlabeled Pf-pep
were assumed to partition into the cartilage in an identical manner.
The disks were then digested with proteinase-K (Roche Applied Science, Indianapolis,
IN) and the sulfated glycosaminoglycan (sGAG) content of each disk was measured using the
dimethylmethylene blue (DMMB) dye binding assay [26]. Samples from the baths were again
analyzed by Sephadex G10 chromatography to determine whether any small labeled species
(e.g., 125I) may have accumulated from degradation of 12 51-Pf-pep during each experiment. The
uptake ratio was corrected to take into account the presence of any such small labeled species,
assuming the small species to be 1251 [27]. In a separate control experiment, the uptake ratio of
125I alone was measured to calibrate the correction factor, which was ~ 0.6.
To investigate the possibility that Pf-pep may bind to specific sites within the cartilage
tissue, we compared the measured uptake ratio to a theoretical model based on a first-order,
reversible, bimolecular reaction involving one dominant family of binding sites. The form of
this model has been used previously, for example, to characterize the reversible binding of IGF-
1 to a single dominant binding site within cartilage [18], and the reversible binding of H* ions
to negative carboxyl groups of reconstituted collagen fibrils [28]:
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where, in the present case, Ru is the uptake ratio, CB is the concentration of Pf-pep bound to
sites within cartilage, CF is the concentration of free (unbound) Pf-pep in cartilage, Cbath is the
bath concentration of Pf-pep, K is the partition coefficient, N is the density of binding sites, and
Kd is the dissociation constant. In general, measurement of the uptake ratio (Ru) over a range of
bath concentrations of unlabeled Pf-pep (Cbath) would enable a fit of the model to the
experimental data and thereby provide best-fit estimates of K and the binding parameters N and
Kd using Eq. (1) [18]. However, if there is no significant change in the measured uptake ratio
over a wide range of bath concentrations of unlabeled Pf-pep, it is most likely that intratissue
binding of Pf-pep to specific sites is negligible (i.e., N= 0 in Eq. (1)) and the measured uptake
ratio is then identical to the partition coefficient of the solute into the tissue (Ru = K).
To further test the relation between uptake of the positively charged peptide Pf-pep and
matrix fixed charge density, cartilage disks were treated with trypsin to mimic aspects of matrix
degradation. Plugs were incubated for 24 hours with 0.1 mg/ml trypsin at 4'C and then washed
at least three times in fresh buffer (total wash time was ~ 48 hours). To determine the decrease
in cartilage sGAG content caused by trypsin treatment, sGAG was measured in tissue disks at
the end of the experiments (via the DMMB dye binding assay as described above), and sGAG
released to the medium by treatment was also measured. To minimize any residual enzymatic
activity after trypsin treatment during the uptake measurements, a protease inhibitor cocktail
(Complete, Roche Applied Science, Indianapolis, IN) was added to the equilibration buffer
containing 12sI-Pf-pep to inhibit serine, cysteine, and metallo- proteases as well as calpains.
Diffusive transport measurements. Real-time measurement of diffusive transport of the
inhibitor into and through adult bovine cartilage slices (with intact superficial zone) was
measured using a diffusion chamber consisting of two compartments, shown schematically in
Fig. 2.lb [24, 29]. Groups of three 9-mm diameter cartilage slices were clamped in parallel by
3 pairs of O-rings positioned at the outer periphery of each disk; the disks were held between
the two compartments in such a way that transport between compartments could only occur
through the cartilage tissue. Both compartments were filled with 1 xPBS supplemented with
0.1% BSA, 0.01% NaN 3 and protease inhibitors, and maintained at 20'C. Both chambers were
magnetically stirred to minimize the effects of stagnant films on transport across the cartilage-
buffer interfaces [30]. After addition of 12 51-Pf-pep to the upstream compartment, the
downstream bath concentration of 12 51-Pf-pep was measured continuously by recirculating the
bath through a gamma detector (A500 Radiomatic, Packard, Meriden, CT). To correct for any
small labeled species (e.g., 1251) that may have accumulated from degradation of 125I-Pf-pep
during diffusive transport experiments, we used experimental and analytical methods described
in detail previously [27]. Aliquots from the baths were analyzed using Sephadex G10
chromatography before and after each experiment to determine the amount of any accumulated
free 1I. At the end of the experiment, free 125I was injected into the upstream bath and the total
radiolabel flux (attributed to the combination of 125I-Pf-pep and free 1251) was measured. Using
an analytical expression for the total radiolabel flux (Eqn. (1) of [27]) in conjunction with
chromatographic assessment of 125I concentration, the contribution of any free 125I present
could be estimated for correction.
Statistical analysis. 2-way ANOVA was used to evaluate the effects of unlabeled Pf-
pep concentration and tissue layer on the uptake ratio. Relationships among tissue sGAG
content, tissue hydration, and uptake ratio were tested by linear regression analysis. The effects
of tissue layer on tissue sGAG density and tissue hydration were evaluated by t-test. The effects
of removal of proteoglycans and ionic strength on uptake ratio were examined by 1-way
ANOVA followed by post hoc Dunnett's test. For all statistical analyses, P values less than or
equal to 0.05 were considered significant. Systat 12 software (Richmond, CA) was used to
perform all analyses.
2.3 Results
Equilibrium uptake of 12 5I-Pf-pep into adult bovine cartilage. The equilibrium uptake
of 1 25I-Pf-pep in the more superficial (L1) and middle-deep zone (L2) explants of adult bovine
cartilage was measured. The uptake of 1 25I-Pf-pep was significantly higher in L2 compared to
LI cartilage overall (2-way ANOVA, effect of the tissue layer, p<0.0001, Fig. 2.2). If 1251-Pf-
pep bound to sites in cartilage, we postulated that increasing amounts of unlabeled Pf-pep
would compete with 2 5I-Pf-pep for these binding sites, resulting in uptake of 125I-Pf-pep that
would vary with the concentration of unlabeled Pf-pep [18, 24]. However, the results of Fig.
2.2 show that there was no significant change in the uptake ratio of I251-Pf-pep with the
concentration of unlabeled Pf-pep over the entire range tested for both LI and L2 tissue (2-way
ANOVA, no significant effect of the Pf-pep concentration or the interaction between tissue
layer and concentration). These results suggest that there is little or no binding of Pf-pep to
sites within the tissue (i.e., N = 0 in Eq. (1)). Under this assumption, these results suggest a - 2-
4-fold upward partitioning of Pf-pep into adult bovine cartilage in a depth-dependent manner
(with the partition coefficient, K, taken to be the measured Ru of Fig. 2.2).
As a positive control for the interpretation of concentration-dependent binding, we also
measured the uptake ratio of 125I-IGF-1 in both L1 and L2 explants using the same methods
[18]. We observed that the uptake ratio of 12 5 -IGF-1 in both LI and L2 explants decreased
dramatically by 30-fold as the bath concentration of unlabeled IGF-1 was increased from 10
nM to 100 nM (data not shown), consistent with the known binding of IGF- 1 to IGF binding
proteins (IGFBPs) located within the cartilage extracellular matrix (ECM) [18, 24].
For each of the 68 cartilage specimens that comprise the data-set of Fig. 2.2, we plotted
the measured uptake ratio as a function of the specimen's individually measured sGAG content
(Fig. 2.3a) and hydration (Fig. 2.3b, where hydration is defined here as water weight/dry
weight [27, 31]). Uptake of Pf-pep increased with tissue sGAG content (Fig. 2.3 a, linear
regression, r 2= 0.637, p<0.0001) and with decreasing tissue hydration (Fig. 2.3b, linear
regression, r2 = 0.353, p<0.0001). We also note that cartilage from the deeper region (L2)
generally had higher GAG density (t-test, p<O.0001) and lower hydration (t-test, p=O.000 16)
than Li tissue, consistent with previously reported trends for adult articular cartilage [32].
Therefore, L2 cartilage had higher fixed charge density (FCD) compared to the more
superficial LI tissue.
Uptake of '251-Pf-pep followed Donnan equilibrium partitioning. The data of Figs. 2.2
and 3 suggest that the uptake of the positively charged 1251-Pf-pep was enhanced by the charge-
charge interactions with the negative ECM. For small, positively charged species that do not to
bind within cartilage tissue, such as Na* [15], partition coefficients in cartilage have been
reported to be greater than 1, and to increase with FCD of the ECM in a manner that typically
follows Donnan equilibrium [15]. To test whether the intratissue concentration of Pf-pep
obeyed Donnan equilibrium, the net charge of Pf-pep was estimated by fitting the predictions
of Donnan theory to the data of Fig. 2.3a, and then compared to the known charge of +3.
Donnan theory predicts that the partition coefficient of Pf-pep (Kpep= Cp, / Cp,) is related to
the partition coefficient of Na* (KNa CNa+ /CNa+ ) by a power law having the form,
P__ NaCpep U + 2
Cpep CNa +(
where Z is the net charge of Pf-pep, C is the intratissue concentration (mole per liter of
intratissue water) and C is the bath concentration of the ith species (see details of the
theoretical model in the Appendix). By combining the laws of Boltzmann equilibrium and
electroneutrality, we calculated the Donnan partitioning of bath Na* ions using the measured
GAG density of each specimen (see Eq. A.5). The partition coefficient of 125I-Pf-pep was
assumed to be equal to the measured uptake ratio in Fig. 2.3. That is, all the radioactivity within
the disks was assumed to be free (not bound) and assumed to be able to partition according to
the Donnan equilibrium. Fig. 2.4 shows a plot of the calculated partition coefficients of 251_pf-
pep versus that of Na* for each individual cartilage disk; the solid lines are predicted theoretical
curves for Pf-pep charge Z = 1 through Z = 4. To calculate the net charge of Pf-pep from these
data, the partition coefficients of 2 5I-Pf-pep and Na* were inserted into Eq. (2) and a robust
nonlinear least squares method (MATLAB) was used to calculate the best fit value of Z; the
bisquare function was used as the weighting function to reduce the effect of outliers. The
resulting best fit Z = +2.87 (r2 = 0.763) corresponds well to the known charge of the trivalent
peptide, Z= +3, and is consistent with the assumption of Donnan partitioning and the
assumption that all intratissue radioactivity is mobile and thus does not bind to sites that
immobilize radioactive counts.
To further test the role of electrostatic interactions between the small peptide inhibitor
and cartilage ECM, we examined the effect of loss of tissue GAG or screening GAG charge on
the uptake of 12 5I-Pf-pep into newborn bovine calf cartilage L2 disks. For GAG depletion
studies, disks were incubated for 24 hours with 0.1 mg/ml trypsin at 4'C prior to the
measurement of uptake of 12 -Pf-pep. This trypsin treatment removed approximately 60% of
the GAG from these L2 disks. For studies of the effects of charge screening, the NaCl
concentration of the bath was increased to IM at neutral pH [33]. Treated and control disks
were then equilibrated with Pf-pep for 48-hours. Untreated control disks equilibrated in
physiologic ionic strength (0.15M NaCl) showed significantly higher uptake of 125 1-Pf-pep than
that observed in either trypsin-treated explants in 0.1 5M NaCl or untreated explants in IM
NaCl bath (Fig. 2.5, data shown for L2 disks, 1-way ANOVA post hoc Dunnett's test, vs.
control group "FS, 0.15 M", p<O.000 1), indicating that electrostatic interactions between Pf-pep
and ECM are primarily responsible for the enhanced uptake.
Diffusive transport of 12sI-Pf-pep across adult bovine cartilage. Using the transport
cell arrangement of Fig. 2.lb, the diffusive flux of 12 5I-Pf-pep within and across disks of adult
bovine cartilage was measured in order to estimate the diffusivity of Pf-pep within cartilage
ECM (Fig. 2.6). At time t - 50 min, 2 5I-Pf-pep was introduced into the upstream bath, and,
with rapid mixing, a concentration gradient was quickly established across the disks. Previous
studies have shown that binding of solutes to sites within cartilage in this geometry can
dramatically slow transport across the disks and into the downstream bath, consistent with a
significant decrease in the solute's effective diffusivity. In contrast, in the absence of binding,
the concentration gradient of Pf-pep across cartilage slices between the two compartments of
Fig. 2.6 would generate only passive diffusive flux of 1251-Pf-pep through cartilage, and a more
rapid emergence of the solute into the downstream bath. A typical result showing transport of
I-Pf-pep across a group of three cartilage disks is shown in Fig. 2.6; the measured
downstream concentration of 1 25I-Pf-pep was normalized to the upstream concentration. After
an initial lag time of ~10 minutes, the slope from t ~ 60 minutes to t ~ 720 minutes represents
the steady state flux of 125I-Pf-pep.
The data of Fig. 2.6 were used to estimate the intratissue diffusivity of 1 25I-Pf-pep using
established methods [18]. Since the upstream concentration of 12 5I-Pf-pep is much higher than
the downstream concentration during the initial ~700 minutes in Fig. 2.6, the steady-state flux,
F, of 12 5I-Pf-pep across the cartilage disks is given by,
F = #KD CU CD ~ KD Cu (3)
3 5
where # is the tissue porosity, K is the partition coefficient, D is the diffusivity, Cu is the
upstream concentration, CD is the downstream concentration, and 6 is the average thickness of
the three tissue disks. The time derivative (slope) of the normalized downstream concentration
(CD/Cu) can be related to the steady-state flux by,
-AF -KDA (4)
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where A is the total exposed area of the cartilage-disks, and VDS is the volume of downstream
bath. The diffusivity was thereby calculated from the steady-state flux using Eq. (4) [18].
The presence of mobile 125I that may have accumulated during a diffusion experiment
would artifactually increase the estimated tracer flux into the downstream bath and thereby
alter the estimate of the diffusivity of 1251-Pf-pep [27]. Sephadex G 10 chromatography showed
that small labeled species (i.e., 1251) constituted less than 10% of total radioactivity of the bath
(data not shown). In addition, when 1251 was directly added to the upstream bath near the end of
the experiment (e.g., at t _ 980 minutes in Fig. 2.6), the steeper slope observed immediately
after addition of 125 gave a direct measurement of the effect of a known amount of 125I on the
calculated flux and the resulting diffusivity. (The diffusivity of 1251 was independently
measured to be 3x 10~6 cm2/s). These results were combined with the independently measured
partition coefficient of 125I-Pf-pep (and unbound 125I) to give a final estimate of the diffusivity
of Pf-pep, using methods described previously [27]. The diffusion coefficients for LI and L2
disks were 1.6x10-6 cm 2/s and 0.95x10-6 cm2/s, respectively.
Finally, given an estimate of the diffusivity of Pf-pep, we can estimate the time needed
to reach equilibrium in the uptake experiments of Figs. 2.2-5. The characteristic time constant z
for 1-dimensional diffusion of a solute into a disk of thickness a given by 62 /( 2D), where a is
the disk thickness and D is the solute diffusivity [34]. Using a value of D measured in LI and
L2 disks 1 x 10-6 cm 2/s and a = 400 pm, the calculated diffusion time constant is u ~ 2.7 min,
and diffusion equilibrium would be attained by 3-5 time constants [34]. Therefore, in the
uptake experiments of Figs. 2.2-5, the concentration of Pf-pep within the tissue would certainly
reach equilibrium by 24-48 hours.
2.4 Discussion
The results of this study indicate that Pf-pep, a small positively charged peptide
inhibitor of PACE4, did not show measurable binding to the negatively charged GAG chains in
cartilage; however, charge-charge interactions were critically important in determining the
intratissue distribution of Pf-pep, which had a higher concentration in the tissue compared to
the bath. Partitioning correlated significantly with tissue GAG density, supporting a major role
for matrix composition in the uptake of Pf-pep.
The equilibrium distribution of Pf-pep between cartilage and the surrounding bath
followed Donnan equilibrium (Fig. 2.4), which resulted in a partition coefficient K > 1 (Fig.
2.2). This enhanced uptake of Pf-pep was associated with tissue GAG density (Fig. 2.3a), but
was not due to intratissue binding (Fig. 2.2). The uptake of Pf-pep was lower in the surface
zone (LI) than deeper (L2) tissue (Fig. 2.2), consistent with the lower GAG density and higher
hydration of Li tissue (Fig. 2.3). One caveat in comparing the uptake ratio in Li and L2 is that
L2 disks have one more cut surface than LI tissue, which could affect the uptake ratio due to
altered tissue hydration. Eisenberg [35] measured the swelling properties of middle zone (L2)
adult bovine femoropatellar groove cartilage by changing the ionic strength of the bath, and
found that this tissue showed minimal (< 3%) changes in swelling under hypotonic conditions
(0.01M NaCl). This suggests that the additional cut surface of L2 disks would likely not affect
tissue hydration.
Furthermore, depletion of GAG and the concomitant lowering of tissue fixed charge
density following trypsin treatment dramatically decreased uptake of Pf-pep (Fig. 2.5), which is
notable since trypsin treatment has been used to mimic certain aspects of cartilage degradation
[36-40]. Taken together, we suggest that there would be less uptake of Pf-pep in areas of
cartilage undergoing aggrecan loss as observed in OA. Compared to normal cartilage, OA
cartilage has lower GAG content and higher hydration than healthy tissue [32], especially in the
superficial zone. Thus, the beneficial effect of electrostatic interactions on uptake of Pf-pep
would be lessened with progression of disease.
While uptake of this 760 Da peptide appeared dominated by Donnan equilibrium,
steric exclusion may also be important to consider as the size of the solute increases. Maroudas
included the effects of steric exclusion for larger solutes by incorporating Ogston's theory for
the partitioning of spherical molecules into a hydrated matrix of linear fibers [41-44]. Based on
the values of the solute radius and inter-fiber spacing, Ogston's theory would predict a decrease
in the partition coefficient of a given neutral solute with increasing cartilage GAG density,
rather than the increase in partition coefficient with GAG density observed here for Pf-pep.
Modeling of the combined effects of steric exclusion and electrostatic partitioning for charged
solutes has not been well studied in cartilage. For the general case of charged gels, Johnson and
Deen extended Ogston's model by introducing a Boltzmann factor for the electrostatic
partitioning of a spherical charged solute within a charged fiber matrix [45]. Using this model,
ongoing studies are focused on including the role of excluded volume on intratissue
partitioning of solutes having a range of effective radii.
In the absence of binding interactions, non-equilibrium transport of smaller solutes
(e.g., Pf-pep) across cartilage is dominated by passive diffusion (Fig. 2.6). The characteristic
time lag, z, for diffusive penetrating into a tissue of thickness, L, is r = L2/6D [34], where D is
the solute diffusivity. Using a value of D on the order of that measured in L2 tissue (~1 x 10-6
cm2/s), r- 27 min for L = 1mm. This is consistent with the order of magnitude time lag
observed in Fig. 2.6 (-10 min) starting after the addition of Pf-pep at t ~ 50 min. Thus, Pf-pep
can quickly diffuse into the cartilage, which would be a desired property for an intra-articular
OA therapeutic. However, when a therapeutic agent is introduced into the synovial fluid and is
intended for targets within cartilage, the synovial fluid concentration must be maintained to
enable accumulation of the agent at its needed concentration within the tissue. If clearance from
the synovial fluid by the circulation is rapid [46], and the agent does not bind to sites and
thereby remain at high enough concentration near the intended target (e.g., cell receptors,
proteases or in the present case, PACE4), then such a small solute could quickly diffuse out of
the cartilage without a sustained inward concentration gradient. For example, intra-articularly
injected small non-steroidal anti-inflammatory drugs such as paracetamol (151 Da), diclofenac
(296 Da), and salicylate (413 Da), were cleared from synovial fluid in 1-5 hrs; the rate of
clearance depended on the size of molecules and their binding to albumin [47]. For comparison,
the diffusive loss of Pf-pep from cartilage can be predicted using the estimated diffusivity (Fig.
2.6), which would then motivate the choice of an appropriate dosing frequency for intra-
articular therapy. Assuming that the thickness of cartilage is of order - mm, and that a -10
mM concentration of Pf-pep could be quickly achieved in the cartilage after an initial intra-
articular dose, the intratissue concentration of Pf-pep would fall below the IC50 of 2 pM by -10
hrs, suggesting that daily treatment would be necessary. For Pf-pep, the effect of its positive
charge was limited to enhancing partitioning (Fig. 2.2), but not to altered diffusive transport
rates (Fig. 2.6) since Pf-pep did not bind to GAG chains. While the absence of binding to
GAGs or other non-specific sites beneficial for achieving fast inward diffusion, there would be
no long-term "sustained delivery" from such intratissue binding sites to the desired intratissue
target (e.g., PACE4).
The diffusivity of 125I-Pf-pep (1x 10-6 cm 2/s) was consistent with values found
previously for similarly sized small molecules. For example, diffusivities of 3H-thymidine (242
Da), 3H-L696,418 (476 Da) and 3H-raffinose (594 Da), in adult bovine cartilage were 3.2x10-6
cm2/s, 0.72x10~6 cm 2/s and 2.9x 10-6 cm 2/s, respectively [29]. It is well documented that the
intratissue diffusivity of large solutes in cartilage is greatly affected by GAG density which, in
turn, is a function of tissue depth [42, 48], static compression [16, 49-5 1], and enzymatic
degradation [36, 52, 53]. While fluid convection caused by dynamic compression is also well
known to affect the transport of large solutes, diffusive transport dominates convection for
small solutes [29, 54-56]. There is mixed evidence on the dependence of small solute
diffusivity on the matrix density. Diffusivities of urea (60 Da) and glucose (180 Da) did not
vary significantly with tissue depth [42]; static compression, however, which increases solid
volume fraction, reduced the diffusivities of Na* and S042- ions [16] and tetramethylrhodamine
(TMR, 430 Da) [49, 50]. Removal of proteoglycans using trypsin did not affect the diffusion
coefficient of glucose [36], but did change that of gadolinium-DTPA (530 Da) [39]. These
differences may be associated with the different methods used in these various studies. It is
possible, therefore, that the diffusivity of Pf-pep could also be affected by changes in matrix
density associated with compositional variations, compression or degradation.
Our diffusion experiments were carried out at room temperature for practical reasons:
since the diffusion chamber was connected to a large flow-through gamma detector, it would be
extremely difficult to control the temperature of the entire setup at 370 C. In order to calculate
the diffusivity that would be found at 37'C, several previous investigators have found that the
Stokes-Einstein relation gives an appropriate estimate for the effects of temperature on
diffusivity in this temperature range [57, 58]. Assuming that intratissue diffusion of Pf-pep
follows the Stokes-Einstein relation, the diffusion coefficient of Pf-pep would increase by a
factor of ~1.4.
In summary, our results with Pf-pep suggest that a small, positively charged molecule
will have a higher concentration within cartilage than in the surrounding synovial fluid;
however, they may not be retained within the tissue unless there is additional specific binding
to intratissue substrates that can maintain enhanced concentration. Since small non-binding
solutes have a higher diffusivity, such solutes can quickly penetrate and diffuse into cartilage
and achieve an intratissue concentration that is enhanced by Donnan partitioning. However,
they can also diffuse back out to the synovial fluid at the same rate due to nonequilibrium
diffusion unless their intratissue concentration is maintained. Extensive loss of negatively
charged GAG chains due to OA can lead to the loss of enhanced uptake of a positively charged
therapeutic, even though such GAG loss, along with increased tissue hydration, would increase
solute diffusivity.
2.5 Figures
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Figure 2.1 (a) Schematic diagram showing incubation of cartilage explants with labeled and
unlabeled Pf-pep in the bath. (b) Transport chamber consisting of two compartments, upstream
bath and downstream bath. Solutes only could transport through three 9-mm diameter cartilage
slices clamped between two compartments. The downstream bath was recirculated through the
detector to measure the radioactivity of downstream in real-time.
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Figure 2.2 Concentration-dependent uptake ratio of I251-Pf-pep in adult bovine cartilage
after 48 hr at 4*C in 1 xPBS buffer. Graded amount of unlabeled Pf-pep was added with fixed
amount of 1251-Pf-pep (< 1 nM). The uptake ratio of 1251-Pf-pep did not vary significantly with
the concentration of unlabeled Pf-pep over the entire range of concentration for both LI and L2
tissue (1-way ANOVA, p = 0.825 with Li, p = 0.831 with L2). The uptake of 1251-Pf-pep was
significantly higher in L2 compared to LI cartilage overall (2-way ANOVA, p <0.0001). Mean
± SD (n = 4 disks per condition)
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Figure 2.3 Dependence of the uptake ratio of 1251-Pf-pep on (a) tissue GAG density (pig
GAG content / mg tissue water) and (b) tissue hydration (mg tissue water / mg dry weight).
Uptake of 125I-Pf-pep increased with increasing tissue sGAG content and with decreasing tissue
hydration (linear regression, p <0.0001). Cartilage from the deeper region (L2) generally had
higher GAG density (t-test, p <0.0001) and lower hydration (t-test, p = 0.000 16) than LI tissue.
Each data point represents one of the 68 cartilage specimens that comprise the data-set of Fig.
2.2.
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Figure 2.4 Estimate of the net charge (Z) of Pf-pep using Donnan equilibrium theory.
Donnan theory predicts that the partition coefficient of 1251-Pf-pep will follow the power-law
relation with the partition coefficient of Na* by the exponent Z. The partition coefficient of Na*
was calculated from the measured GAG density of each individual specimen (A.5) and the
partition coefficient of 125I-Pf-pep was assumed to be equal to the measured uptake ratio in Fig
2.3. The solid lines are the predicted theoretical curves for Pf-pep charge (Z = 1-4). The best fit
value of Z was + 2.87, which corresponds well to the known charge of Pf-pep (+3). Each data
point represents one of the 68 cartilage specimens that comprise the data-set of Fig. 2.2.
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Figure 2.5 Effects of trypsin depletion of GAG (TRP, 0.15M NaCi) or screening of GAG
electrostatic interactions (FS, IM NaCi) on the uptake of 1251-Pf-pep in L2 bovine calf cartilage
disks. Untreated control disks in physiological ionic strength (FS, 0.15M NaCl) showed
significantly higher partition coefficients compared to the two treated groups (*p<0.0001 by 1-
way ANOVA post hoc Dunnett's test, vs. control group "FS, 0.15 M"). Mean ± SEM (n = 3
disks per condition)
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Figure 2.6 Non-equilibrium diffusion of 12 5 -Pf-pep across groups of three adult bovine
cartilage disks (data shown for Li disks), plotted as the measured downstream concentration
versus time, normalized to the applied upstream concentration. At t = 50 minutes, 12 51-Pf-pep
was introduced to the upstream bath. The diffusivity of Pf-pep was calculated from the
measured diffusive flux of 1251-Pf-pep (i.e., the slope of the concentration vs. time data as
shown). At t = 728 minutes, a 300 pil aliquot from the upstream bath (20 ml) was transferred to
the downstream bath (20 ml) to calibrate the concentration. At t = 980 minutes, unbound 125I
was added to the upstream bath to estimate the contribution of unbound 125I to the total flux and
to correct for the presence of such 125I in the calculated diffusivity of 12 5I-Pf-pep. The solid line
at the end of experiment shows the predicted flux which would be present if 125I were not added.
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2.7 Supplementary Data
0.4 * Level 1
*Level2
0.3
0
.2
C-
~0.1
0
0.1 1 10 100 1000.
Unlabeled + labeled Pf-pro (nM)
Figure 2S.1 Concentration-dependent uptake ratio of 12 5I-Pf-pro (22 kDa, pI = 5.1) in adult
bovine cartilage after 48 hr at 4'C in 1 xPBS buffer. Graded amount of unlabeled Pf-pro was
added with fixed amount of 1251-Pf-pro (~ 0.6 nM). For each condition, disks (n = 7-8) were
incubated in the same well and pooled together during radioactivity counting. Total
radioactivity and total mass from pooled disks were collected to calculate uptake ratio. The
uptake ratio of 125I-Pf-pro did not vary significantly with the concentration of unlabeled Pf-pro
over the entire range of concentration for L2 tissue. The uptake ratio in L 1 decreased with
increasing amount of unlabeled Pf-pro. The uptake of 1 25I-Pf-pro was lower in L2 compared to
Ll cartilage overall.
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Figure 2S.2 Dependence of the uptake ratio of 12 51-Pf-pro (22 kDa, pI = 5.1) on (A) tissue
GAG density (pg GAG content / mg tissue water) and (B) tissue hydration (mg tissue water /
mg dry weight). Uptake of 251-Pf-pro decreased with increasing tissue sGAG content and with
decreasing tissue hydration. Cartilage from the deeper region (L2) generally had higher GAG
density and lower hydration than LI tissue. Each data point represents one data point of Fig.
2S.1.
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Figure 2S.3 Comparison of experimental results with Ogston's theory. Ogston's theory is
based on the probability of finding space in uniform random suspension of fibers (Ogston,
Trans Faraday Soc, 1958). Partition coefficient of Pf-pro, Kogston, given by Ogston is
Ko,on = exp - 1+ 7)
Srf
where, ( is fiber volume fraction, r, is solute radius, and rf is fiber radius. For this case, 0 can
be regarded as PG volume fraction, which is given by (Total GAG xPartial specific volume) /
(Volume of extrafibrillar water) (Nimer, Biophys Chem, 2003). Total GAG was experimentally
measured. We assumed that partial specific volume was 0.55 ml/g (Hascall, J Biol Chem, 1970).
Volume of extrafibrillar water was given by (Volume of tissue water - Volume of intrafibrillar
water), where intrafibrillar water = 1 g / g collagen (Maroudas, Biochim Biophys Acta, 1991).
We assumed that ry is 0.55 nm (Quinn, J Biomech, 2001). Since the radius of Pf-pro is not
known, radii of similar sized molecules are used to define the range of rs that we can plug into
the model. For example, radii of SM22 (22 kDa; Lees-Miller, J Biol Chem, 1987), GFP (27
kDa; Terry, Biochem Bioph Res Co, 1995), and ovalbumin (45 kDa; Maroudas, J Anat, 1976)
were 2.55 nm, 2.82 nm, and 2.8 nm, respectively.
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Figure 2S.4 Non-equilibrium diffusion of 12 5I-Pf-pro (22 kDa, pI= 5.1) across groups of
three adult bovine cartilage disks (data shown for LI disks), plotted as the measured
downstream concentration versus time, normalized to the applied upstream concentration. At t
= 96 minutes, 125 1-Pf-pro was introduced to the upstream bath. The diffusivity of Pf-pro was
calculated from the measured diffusive flux of 12 I-Pf-pro (i.e., the slope of the concentration vs.
time data as shown). At t = 1179 minutes, a 300 pl aliquot from the upstream bath (20 ml) was
transferred to the downstream bath (20 ml) to calibrate the concentration. At t = 1681 minutes,
unbound 1251 was added to the upstream bath to estimate the contribution of unbound 1251 to the
total flux and to correct for the presence of such 1251 in the calculated diffusivity of 12 5I-Pf-ro.
The solid line at the end of experiment shows the predicted flux which would be present if 1251
were not added. The diffusion coefficients for LI disks was 0.82x 108 cm 2/s.
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2.8 Appendix
Donnan equilibrium predicts the distribution of Pf-pep with charge, Z, to be related to Na
and Cl ion concentrations by,
C C Crpep __ Na _ Cl (A-
pep C Na Cl
where C,,e, C and CC are intratissue concentration of Pf-pep, Nat, and Cl-, respectively,CNa~' C
and Cpep' CNa and CC are bath concentration of Pf-pep, Na*, and Cl-, respectively. Since the
bath was PBS buffer with physiological ionic strength, the bath concentration of Na+ and Cl-
are given by
CO =CNa =C =0.15 M. (A.2)
Charge neutrality requires the sum of all charges becomes net zero as given by
P+CNa+CCl+Cpep =0, (A.3)
where p is the fixed charge density, which has a negative value in cartilage. We can safely
neglect Cpep in Eq. (A. 3), since Pf-pep is a minor carrier compared to Na* or Cl~. Combining
Eq. (A. 1) and Eq. (A. 2) to eliminate Cor in Eq. (A. 3) gives
- C2
P+CNa+ =0. (A.4)
Na'
Eq. (A. 4) is quadratic equation for CNa. and the solution is given by
- -p+ p 2 +4C2
CNa+ 2 ,(A.5)
where only one solution is valid since CNa, cannot be negative. The charge density, p, can be
converted from the GAG density by assuming -2 moles of charge per 1 mole of disaccharide
unit in GAG chains. Then p (mol/L) is given by,
GAG content (ptg)p =-2. ,(A.6)
MWGAG -Tissue water (pl)
where MWGAG is 458 g/mol [59]. Rearranging Eq. (A.1) gives
log CPa+
Z= = pe (A.7)
log C,
and Z can be computed for individual explants using the known partition ratios on the right side
of Eq. (A.7). The average value of Z calculated from the 68 explants was +3.07 ± 0.74 (SD).
The best fit value of Z corresponding to the 68 specimen population was obtained from a robust
nonlinear least squares method (MATLAB) used to iteratively calculate the value of Z which
minimized the least squares error from an initial guess; the bisquare function was used to down
weight large residuals. The resulting best fit was Z = +2.87 (r2 = 0.763).
CHAPTER 3
Effects of Mechanical Injury and Exogenous
Cytokines on Transport of Fab fragments into
Articular Cartilage*
* This chapter is a manuscript in preparation for submission
3.1 Introduction
Articular cartilage is a load-bearing tissue found at the end of long bones within the
synovial joints. Degradation of the extracellular matrix (ECM) of the articular cartilage is the
key feature of osteoarthritis (OA) pathogenesis, which reflects an imbalance between the
anabolic and catabolic activities of chondrocytes [1]. Traumatic joint injury is a major risk
factor of development of secondary OA, though the mechanism by which the joint injury
results in disease development is not fully understood. The pathomechanisms of traumatic
injury leading to cartilage degeneration have been widely investigated using in vitro models
including mechanical injury and exogenous cytokines [2-9]. Abnormal compressive loading
resulted in tissue swelling, loss of proteoglycan, denatured collagen, decreasing mechanical
integrity, cell death, and altered regulation of gene expression. In addition, interactions between
exogenous cytokines and mechanical injury caused synergistic loss of proteoglycan.
Adult cartilage is avascular and alymphatic, and therefore, essential nutrients, signaling
molecules, metabolites, and waste products must be delivered to or removed from chondrocytes
through the ECM [10]. Since solute transport primarily depends on the properties of the ECM,
damage to the matrix following injury, inflammation, or abnormal chondrocyte activity can
potentially alter the transport of important proteins essential for cellular activities, as well as
protein therapeutics. Although the pathway by which injury leads to abnormal cell activity is
not well understood, chondrocyte metabolism is reported to be largely affected by mechanical
and physiochemical properties of the surrounding matrix network [11]. Also, the concentrations
of biological molecules and therapeutic agents, and the rate of transport of degraded or newly
synthesized matrix molecules are key factors which mediate the fate of cellular metabolic
activities [12-15].
However, changes in the transport behavior of articular cartilage caused by mechanical
injury or inflammatory cytokines have not been studied in detail. The effects of cyclic impact
loading on canine cartilage explants were studied by Farquhar et al., who reported an increased
self-diffusion of water molecules [16]. Cartilage specimens treated with trypsin have been used
as a model of matrix degradation by several groups [17-21]. Treatment with trypsin generally
increased the intratissue diffusivity and partition coefficient of solutes. Although trypsin
treatment may mimic certain aspects of matrix degradation, it is hard to predict the effects of
tissue- and cell-level response to injury on transport properties, since trypsin non-specifically
degrades matrix molecules.
As an effort to prevent the progression of OA, therapeutic interventions such as disease-
modifying osteoarthritis drugs (DMOADs) are being developed based on understanding of the
pathophysiology of the disease [22]. Inflammatory mediators and matrix degrading enzymes
are under study as promising future targets. To attack such targets that may be secreted by the
chondrocytes or upregulated within the surrounding tissue in response to injury or cytokines, an
appropriate concentration of pharmacological agents must be transported into cartilage tissue.
However, there is a lack of understanding of the transport of therapeutic agents against OA that
have specific physiochemical properties. Due to the ECM of cartilage, the accessibility of
pharmacological agents to chondrocytes is limited, especially when the size of a drug molecule
is large [23]. Therefore, to evaluate, predict, and optimize the availability of drugs in cartilage
tissue, it is important to characterize the uptake and retention of agents in the cartilage. By
combining knowledge of the effects of injury and cytokines on transport, we will be able to
elaborate drug delivery strategies for joint injury depending on the severity of the trauma to
cartilage.
Therefore, to understand the extent of altered transport of large therapeutic protein
solutes caused by traumatic injury to the cartilage, our objectives were to characterize and
quantify changes in the kinetics and extent of protein uptake following injury and inflammatory
cytokine treatment.
3.2 Materials and Methods
Tissue harvest. Cartilage explants were harvested from the femoropatellar grooves of
1-2 weeks old calves (Research 87, Marlborough, MA) [24]. Briefly, 9-mm diameter cartilage-
bone cylinders were cored, mounted on a microtome and either removed top superficial layer to
obtain 1 mm-thick middle zone slices or sliced sequentially from the top surface to divide
explants into level-I (L1, -800 ptm with superficial zone intact) and level-2 (L2, -800 [im
below LI). Four or five disks (3 mm-diameter, 1 mm-thick) were cored from each slice using a
dermal punch. All cartilage specimens were equilibrated either in serum-free medium (low-
glucose DMEM (1 g/L) supplemented with I% insulin-transferrin-selenium (10 pig/mL insulin,
5.5 pg/mL transferrin, 5 ng/mL selenium, Sigma), 10 mM HEPES buffer, 0.1 mM nonessential
amino acids, 0.4 mM proline, 20 jig/mL ascorbic acid, 100 units/mL penicillin G, 100 pig/mL
streptomycin, and 0.25 pig/mL amphotericin B in a 37"C, 5% C02 incubator or in 1 x phosphate
buffered saline (PBS) supplemented with 0.1% bovine serum albumin (BSA), 0.01% sodium
azide (NaN3) and protease inhibitors (Complete, Roche Applied Science, Indianapolis, IN) at
4"C prior to experiments.
Solute preparation. An iodinated 48 kDa Fab fragment ( 2 5I-Fab) and a 150 kDa
monoclonal antibody (12 5 -mAb), both raised against the inflammatory cytokine, IL-6, were
kindly provided by Centocor, Johnson and Johnson, as part of a collaborative study of the
efficacy of blocking IL-6 in osteoarthritic disease. Before all experiments using 12 5 -Fab or 1251
mAb, Sephadex G50 chromatography was used to separate and remove any small 1251-species
that may have resulted from degradation of iodinated proteins, (0.7 x 50 cm columns using an
elution buffer of 1xPBS buffer with 0.1% BSA and 0.01% NaN3, and the void volume
collected for the desired 125I-Fab or 125I-mAb) [24].
Injurious compression. Cartilage disks to be injured were placed individually between
impermeable platens of a polysulfone chamber (50 % strain, 100%/s strain rate), in a radially
unconfined compression configuration [3]. During injury loading, disks were compressed to
50% strain with a constant velocity of 1mm/second and immediately released with the same
rate (50 % strain, 100%/s strain rate). This injury protocol typically resulted in a peak stress of
~ 20 MPa, which is known to produce ECM damage and approximately 10-20% cell death.
Measurement ofprotein uptake ratio. Disks were incubated with a fixed amount of
labeled solutes with or without unlabeled solutes. The buffer consisted of 1 xPBS supplemented
with 0.1% BSA, 0.01% NaN3 and protease inhibitors at 4'C or DMEM supplemented with 1%
ITS, and 0.1% BSA at 37'C. At selected time points, disks were removed from the bath and
briefly rinsed in fresh PBS buffer. The surface of each disk was quickly blotted with Kimwipes
and the wet weight was measured. The 12 5I-radioactivity of each cartilage disk and aliquots of
the equilibration baths were quantified individually using a gamma counter. Disks were then
lyophilized and the dry weight was measured; the water weight of each disk was calculated
from the tissue wet and dry weights. The uptake ratio was calculated as the concentration of the
I-Fab or 125 -mAb in the cartilage disks (per intratissue water weight) normalized to the
concentration of 12 5I-Fab or 125 I-mAb in the equilibration bath. The disks were then digested
with proteinase-K (Roche Applied Science, Indianapolis, IN) and the sulfated
glycosaminoglycan (sGAG) content of each disk was measured using the dimethylmethylene
blue (DMMB) dye binding assay [25]. Samples from the baths were again analyzed by
Sephadex G50 chromatography to determine whether any small labeled species (e.g., 1251) may
have accumulated from degradation of 12 I-Fab or 125 -mAb during each experiment. The
uptake ratio was corrected to take into account the presence of any such small labeled species,
assuming the small species to be 125I [26]. In a separate control experiment, the uptake ratio of
1251 alone was measured to calibrate the correction factor, which was ~ 0.6.
To investigate the possibility that Fab or mAb may bind to specific sites within the
cartilage tissue, disks were incubated with a fixed amount of labeled solutes with graded
amounts of unlabeled solutes, and we compared the measured uptake ratio to a theoretical
model as described in 2.2 Materials and Methods in Chapter 2.
Ring-Core transport studies. Plugs were compressed to ~ 10% final strain between
impermeable platens of a polysulfone plastic loading chamber to prevent diffusion from the top
and bottom surfaces. This slight static compression would thereby only allow the flux in the
radial direction. At selected time points after adding radiolabeled or unlabeled solutes, disks
were briefly rinsed, and a 2-mm diameter core was punched from the center of a 3 mm
diameter plug. The uptake ratios in the annular ring and inner core were separately measured as
described above.
Effects of exogenous cytokines combined with mechanical injury. To test the effect
of exogenous cytokines combined with mechanical injury, explants were subjected to no
treatment (control), mechanical injury, exogenous TNFa, or a combination of injury and TNFa.
The ring-core experimental setup was used to carry out subsequent experiments. Normal or
injured 3 mm-diameter x 1 mm-thick disks were compressed to ~ 900 pm in loading chambers
and incubated with 125I-Fab, unlabeled Fab (10 jtg/ml), and with or without TNFa (2.5 ng/ml
for day 0-2, 25 ng/ml for day 2-6). The medium was replaced every 2 days and saved for
further analysis. At day 2, 4, and 6, disks were collected and processed as described in "Ring-
Core transport study".
3.3 Results
Anti-IL-6 Fab fragment (48 kDa) was able to penetrate into bovine cartilage explants.
The transient uptake of 12 5I-Fab was measured up to 9 days in middle zone explants from
bovine calf cartilage to evaluate the ability of these fragments to penetrate into cartilage by
simple diffusion. Diffusion of such solutes can be slow as previously reported due to their size
[23]. It took ~ 4 days for 125I-Fab to penetrate and reach partial equilibrium within cartilage
disks at 4'C and 370C (Fig. 3.1). For this reason, in subsequent experiments requiring
equilibrium, the duration of incubation was at least 5 days. In addition, the uptake ratio at 37*C
was significantly higher than that measured at 4'C.
To determine whether these Fab fragments may bind to specific sites within the tissue,
graded amounts of unlabeled Fab were added to the baths during incubation and the uptake
ratio was measured at day 5. Adding unlabeled Fab up to 1 pM did not significantly change the
uptake of 1 2 5I-Fab at 37C and 4'C (Fig. 3.2), indicating negligible amount of competitive
binding between the labeled and unlabeled Fab under these conditions. The same experiment
was repeated with two different animals and showed that animal-to-animal variation was not
significant (data not shown).
Anti-IL-6 Fab fragment (48 kDa) was not evenly distributed across the thickness of
explants by 3-days. To visualize spatial distribution of 1251-Fab within the cartilage disks,
autoradiography images of human knee explants incubated with 12 5I-Fab were taken
(collaborated with Dr. Ernst Hunziker at the University of Bern, Switzerland). Human knee
cartilage disks including the intact superficial layer were incubated with 125I-Fab without
unlabeled Fab at 37'C for 3 days. Autoradiography revealed that 12 5I-Fab fully penetrated
throughout the tissue though marked gradients in grain density suggested that complete
equilibrium had not yet been reached (Fig. 3.3 and 3.4). The 12 5I-Fab grain density was higher
in the superficial layer than the deeper layer, suggesting that the spatial distribution of Fab
count not be reflected in the uptake ratio.
Injurious compression and exogenous TNFa altered transport of anti-IL-6 Fab
fragments into bovine knee cartilage. A single injurious compression cycle induced a
significant increase in the uptake ratio of 12 5I-Fab compared to uninjured controls (2-way
ANOVA, Fig. 3.5a). In untreated free-swelling disks, the uptake ratio decreased with the tissue
GAG density (linear regression, p=0.009, r2=0.709). However, in injured tissue, the change in
the uptake ratio did not show a significant linear relationship with the GAG density (Fig. 3.5b).
Although no statistical significance was observed, the average GAG density in the injured
tissue was higher than that measured in the normal tissue. Furthermore, higher strains and strain
rates during the injurious loading resulted in higher uptake ratios, accompanied by the lower
GAG density and higher tissue hydration of explants (Fig. 3.6, Fig. 3S.3). These results
consistently demonstrated that the simple mechanical insult on the cartilage tissue was enough
to change the accessibility of large proteins and that the extent of change depended on the
severity of injury.
In addition, we tested the effect of the exogenous cytokine, TNF, combined with the
mechanical injury on the uptake of 1251-Fab. Treatment with the mechanical injury, TNFca, and
combination of injury and TNFa significantly increased the uptake ratio of 125I-Fab, and the
combined effect of injury and TNFa induced the largest increase (Fig. 3.7a). The GAG release
to medium also showed a trend similar to the uptake ratio, suggesting that the decrease in
cartilage GAG content was related to the higher uptake ratio (Fig. 3.7b).
To further relate the increase in the uptake and tissue degradation, the GAG density,
tissue hydration, and uptake ratio in the ring and core regions was separately quantified (Fig.
3.8, Fig 3S.4). The uptake ratio in the core region was ~ 0.1 - 0.2, indicating that 125I-Fab was
able to penetrate to the core, consistent with the autoradiography images. In each condition, the
uptake ratio of 125I-Fab in the ring was higher than core. Interestingly, the change in the uptake
ratio by the treatment was present in both the ring and core regions in all treatment groups
(injury, TNFa, injury with TNFa), where the combination of injury and TNFa induced the
largest increase in the uptake ratio measured in the ring. With the combination of TNFa and
injury, the uptake ratio in the ring was > 1, suggesting that the binding of 12 5I-Fab to matrix
sites was present.
Treatments with TNFa alone, and the combination of injury and TNFa caused a
temporal decrease in the GAG density but control and injury did not show the temporal change
in the GAG content (Fig. 3.8b, 2-way ANOVA with factors of time and region, p-values for
time-factor were 0.46, 0.275, 0.006, and 0.068 for control, injury, TNFa, and TNFa with injury,
respectively). The decrease in the GAG density due to TNFx alone or TNFa combined with
injury was well matching to the increased GAG loss to media (Fig. 3.7b). Adding exogenous
TNFa induced the decrease in GAG density in both the ring and core regions over time but the
GAG density in the ring showed more decrease than that in the core.
GAG depletion or long term incubation with normal tissue induced the uptake ratio
above 1. The combination of injury and TNFa resulted in the highest uptake ratio in the annular
ring, which was above 1 (Fig. 3.8a). For large proteins such as the Fab (48 kDa), the uptake
ratio above 1 cannot be solely explained by an enhanced partitioning of unbound solutes inside
the tissue. Although incubation with graded amounts of unlabeled Fab did not suggest the
presence of significant binding of Fab to sites within the tissue (Fig. 3.2), we were not able to
completely rule out the possibility of binding given the results of Fig. 3.8. To examine whether
additional matrix degradation induces more uptake, explants were enzymatically degraded to
remove proteoglycans. Then, the uptake of 125I-Fab was measured while the trypsin-treated
explants were compressed to 10% strain in the loading chambers. The measured uptake ratio
was ~ 5 in the ring and ~ 3 in the core at day 6 (Fig. 3.9a). Treatment with chondroitinase ABC
generated similar results to trypsinized disks when the explants were under compression (Fig.
3.9b). If chondroitinase ABC-treated explants were kept free-swelling, the uptake ratio of 1251
Fab was ~ 22 in the ring and ~ 14 in the core at day 4 (Fig. 3.9), suggesting that Fab may bind
to the matrix or the outer surface of the explants.
We also observed that the uptake ratio in the normal tissue could be above 1 if we
lengthen the duration of incubation. When normal explants were incubated wit 125I-Fab for 15
days under 10% strain compression, the uptake ratio was ~ 5 in the ring and ~ 2 in the core (Fig.
3.10), which was similar to the uptake measured in GAG-depleted explants with the shorter
incubatoin. The possibility of degradation of 1251-Fab during the long term incubation was
tested with SDS-PAGE, which compared the Fab fresh out of the stock with the Fab incubated
for 2-week at 370C. There was no significant difference between two species (Fig. 3S.5).
Anti-IL-6 mAb (150 kDa) was mostly excluded from interstitial space of normal
human cartilage. Penetration of 12 I-mAb into human knee cartilage including intact
superficial layer was examined by observing the uptake ratio and autoradiography images from
normal and trypsin-treated explants incubated with 12sI-mAb and with or without 50 pM
unlabeled mAb. For all conditions, adding unlabeled mAb significantly decreased the uptake
ratio of 12 5I-mAb (Fig 3.11). In addition, the trypsin treatment increased the uptake of 12 51-mAb.
The durations of incubation, 3 days and 8 days, did not play a major role in affecting the uptake
ratio. Interestingly, in most conditions, the uptake ratio was above 1, suggesting binding of
mAb to certain sites in the tissue. However, as suggested from the autoradiography images of
125I-Fab, the uptake ratio is the average from bulk tissue measurement and cannot demonstrate
the spatial distribution.
Autoradiography images revealed that the tissue depth, the addition of unlabeled mAb,
and trypsin treatment significantly affected the local distribution of 12 5I-mAb in the human
tissue. In normal tissue, many more grains were located at the superficial layer and only small
amount or background-level of grains were detected at the deep region (Fig. 3.12). In the
trypsin treated tissue, the distribution of grains was more uniform than that observed in the
normal tissue. In the tissue incubated without unlabeled mAb, densely-concentrated grains
were co-localized with cells, indicating significant binding of 1 25I-mAb to cells or the matrix
around cells (Fig 3S.10). These dense grains around the cell were significantly reduced by
adding unlabeled mAb (data not shown). Distribution of fluorescent-tagged mAb observed in
bovine cartilage was consistent with results from autoradiography (Fig. 3.13). In the untreated
tissue, mAb was only located at the outer surface and no penetration into the deeper region was
detected. However, in the GAG-depleted tissue, mAb was detected throughout the tissue,
confirming the significant role of steric exclusion on mAb by GAG chains.
3.4 Discussion
Our results suggest that Fab fragments (48 kDa) can diffuse throughout the depth of
cartilage tissue even though the spatial distribution was not uniform with depth by day 3.
However, mAb (150 kDa) could penetrate only the superficial layer and was excluded from the
deeper regions of the cartilage. We also found out that there can be a greater accessibility of
large solutes into the cartilage after the direct mechanical injury or inflammatory cytokine
treatment to the tissue, where the increase in the uptake was related with the severity of matrix
damage and loss. The combination of mechanical injury and TNFa induced the most dramatic
increase in the uptake, suggesting the joint injury accompanied by the inflammatory response
can disrupt the normal transport process.
Although full-penetration of 125I-Fab throughout the thickness was observed in
autoradiography images, the spatial distribution was not uniform and depended on the depth of
the explants. Significant penetration of 12 5I-Fab was detected at the more hydrated surface
region and a less amount at the middle or deep region of the tissue. Presumably the spatial
distribution of 125I-Fab would be more uniform by days 6-8 after further equilibration would be
reached. The effect of the steric exclusion by the tissue matrix was more dramatic with 125I
mAb, which was only detectable at the surface layer. These results suggest that Fab can reach
intra-tissue targets located beyond the superficial layer, whereas mAb can only affect the
surface layer. It is interesting to note that Fab and mAb would diffuse more freely within the
tissue when the matrix is subjected to severe degradation. Large mAb would be able to
penetrate into the deeper region after the matrix degeneration, suggesting mAb can be effective
against targets located at the deep region when the cartilage undergoes a significant degradation.
Mechanical injury as used in the present study induced tissue swelling, which was
indicated by the increased tissue hydration. Such tissue swelling is likely caused by damage to
the collagen fibril network, which provides the tensile stiffness of the cartilage tissue and
thereby restricts the osmotic swelling pressure generated by highly charged GAG chains [27].
The increased hydration or lowered GAG density following the mechanical injury would allow
large solutes to move with less hindrance within the cartilage, resulting in an increased partition
coefficient. Interestingly, due to the different local mechanical properties along the depth, the
damage on the local matrix following injury will also vary with the depth of the tissue.
Therefore, combined with the depth-dependent distribution of solutes, the amount of changes in
the uptake caused by mechanical injury will vary with depth, which may result in zone-
dependent cellular responses to joint trauma.
There is ample evidence supporting the notion that tissue hydration and GAG density
play a major role in restricting the penetration of large solutes within the cartilage. Maroudas
showed that partition coefficient of large solutes exponentially decreased with the increasing
fixed charge density in adult human cartilage [23]. Quinn et al. reported that static compression
reduced the diffusivity and partition coefficient of fluorescent tracers in adult bovine cartilage,
and the effect of static compression was partially attributed to the increased matrix GAG
density [28]. In addition, enzymatic degradation of proteoglycans significantly increased the
diffusivity and partitioning of radiolabeled solutes in adult bovine cartilage, and the increase
was more dramatic for larger molecules (dextran 70 kDa) [29]. Human ankle cartilage, which
generally shows higher GAG density than human knee cartilage, exhibited a lower partition
coefficient of 70 kDa dextran [30].
TNFa treatment further increased the change in the uptake, suggesting that the
inflammatory response following joint injury can play a critical role in altering the transport
property of the damaged cartilage. Increase in the uptake was accompanied by the GAG loss at
the each region, where the largest change was observed in the tissue with the most severe GAG
loss, confirming the regulatory role of GAG on the uptake. Although the change in the uptake
was present at both regions for treated explants, the combination of injury and TNFa caused the
largest change at the ring, which was the front end contacting inflammatory cytokine, TNFa.
This suggests that severely damaged region at the articular surface due to the injury and
inflammation will be subjected to substantial changes in the uptake of such solutes.
Proteoglycan depletion and long term incubation revealed that 12 5I-Fab bound to certain
sites in the tissue, which contradicted the result from the competitive binding experiment,
which showed no change in the uptake ratio with the graded amount of unlabeled Fab up to 1
M. Binding sites of Fab were not removed by trypsin, suggesting collagen molecules would
be one of the candidates for binding. Binding of Fab became detectable after the trypsin
treatment or long term incubation, suggesting proteoglycan molecules were possibly restricting
the binding interaction between 12 5I-Fab and binding sites. Ongoing study focuses on finding
binding sites and extending the study to understand how the binding would change the effect of
injury and cytokine on transport properties.
The present study suggests that mechanical injury and inflammatory cytokines may
mediate cellular activity via altering the transport properties of cartilage. Although our study of
the effect of injury and cytokines on transport was limited to the 48 kDa Fab fragment of the
antibody, it is possible to predict that the transport of similarly-sized proteins, including growth
factors, cytokines, and matrix molecules, would be modified by a similar traumatic injury.
Therefore, cellular activities that require such solutes would be affected by joint injury,
resulting in significant changes in transport properties. Furthermore, since chondrocytes are
ultimately responsible for detecting changes in the integrity of the ECM and for remodeling of
the matrix, alterations in the rate of movement of newly synthesized or degraded matrix
molecules would be critical aspect that perturbs cell metabolism.
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Figure 3.1 Uptake ratio of 1 25I-Fab in the bovine calf cartilage measured at different time
points. Cartilage disks (3 mm-diameter, 1 mm-thick) were incubated with 12 5 -Fab either at 4*C
under free-swelling condition or at 37'C under 10% offset static compression. For the
measurement at 4*C, disks were incubated without unlabeled Fab in 1 xPBS with 0.1% BSA,
0.01% sodium azide, and protease inhibitors. For measurement at 37'C, disks were incubated
with 10 jig/ml (= 66.7 nM) unlabeled Fab in DMEM with 0.1% BSA, and 1% ITS. No
unlabeled Fab was added for both cases. Mean ± SEM, n = 6 for 4'C and n = 5 for 37*C.
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Figure 3.2 Uptake ratio of 12 5I-Fab with graded amounts (0, 10, 100, and 1000 nM) of
unlabeled Fab in the bovine calf cartilage. Free-swelling cartilage disks (3 mm-diameter, 1
mm-thick) were incubated with 12 5I-Fab either at 4'C in 1 xPBS with 0.1% BSA, 0.01% sodium
azide, and protease inhibitors or at 37'C in DMEM with 0.1% BSA, and 1% ITS. The
concentration of 12 5I-Fab was fixed to 5.01 nM and 2.21 nM for the measurement at 4*C and
37*C, respectively. Mean ± SEM, n = 4 for 4*C and n = 5 for 37*C.
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Figure 3.3 Autoradiography images of 125I-Fab in human knee cartilage. Disks were
harvested from first ~ 700 ptm layer of grade 0 - 1 human knee cartilage including the intact
superficial zone. The donor was a 26-year old female. Free-swelling cartilage disks were
incubated with 12s-Fab without unlabeled Fab at 37*C for 3 days in 1 xPBS with 0.1% BSA,
0.0 1% sodium azide, and protease inhibitors. A. Images from x 10 objective. B. The image
from A was adjusted to enhance grains and remove background color using Photoshop (Adobe,
San Jose, CA). C. Images from x40 objective, showing surface region. D. Images from x40
objective, showing deeper region.
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Figure 3.4 Autoradiography images of 1251-Fab in human knee cartilage. Disks were
harvested from first - 700 gm layer of grade 0 - 1 human knee cartilage including the intact
superficial zone. The donor was a 26-year old female. Free-swelling cartilage disks were
incubated with 1251-Fab without unlabeled Fab at 37*C for 3 days in 1xPBS with 0.1% BSA,
0.01% sodium azide, and protease inhibitors. A. Images from x10 objective. B. The image
from A was adjusted to enhance grains and remove background color using Photoshop (Adobe,
San Jose, CA). Binary images converted from A. C. Images from x40 objective, showing
surface region. D. Images from x40 objective, showing deeper region.
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Figure 3.5 Effect of the mechanical injury on the uptake of 12 5I-Fab in the bovine calf
cartilage. A. Uptake ratio 1251-Fab in the normal and injured cartilage was measured up to 6
days. Disks were incubated with '251-Fab without unlabeled Fab at 4*C in 1 xPBS with 0.1%
BSA, 0.0 1% sodium azide, and protease inhibitors. Mean + SEM, n = 8. *p<0.05 Tukey
pairwise, 2-way ANOVA (time and injury). B. Uptake ratio of 1 25I-Fab on day 6 relative to the
tissue GAG density. In free-swelling tissue, the GAG density and uptake ratio showed a
significant linear relationship (r2=0.709).
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Figure 3.6 Effect of the final strain and strain rate of the mechanical injury on the uptake
ratio of I251-Fab in the bovine calf cartilage ("FS" = free swelling; "35%" = 35% final strain,
70%/s strain rate; "50%" = 50% final strain, 100%/s strain rate; "65%" = 65% final strain,
130%/s strain rate). Uptake ratio 125I-Fab in the normal and injured cartilage was measured on
day 4. Disks were incubated with 1251-Fab without unlabeled Fab at 4'C in 1 xPBS with 0.1%
BSA, 0.01% sodium azide, and protease inhibitors. Mean ± SEM, n = 15. *p<0.05 Tukey
pairwise, 1-way ANOVA.
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Figure 3.7 Effect of the mechanical injury and exogenous cytokine on the uptake ratio of
12 5I-Fab and the GAG release to media. Disks were incubated at 370C with 12 sI-Fab and 10
tg/ml (= 66.7 nM) unlabeled Fab in DMEM with 0.1% BSA, and 1% ITS under 10% offset
static compression. A. Uptake ratio of 12 5I-Fab. B. GAG release to media. Mean ± SEM, n = 4
- 5.
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Figure 3.8 Effect of the mechanical injury and exogenous cytokine on the uptake ratio of1251-Fab and the tissue GAG density, which were separately measured in the ring and core
regions. Disks were incubated at 37*C with 1251-Fab and 10 pg/ml (= 66.7 nM) unlabeled Fab in
DMEM with 0.1% BSA, and 1% ITS under 10% offset static compression. A. Uptake ratio of125I-Fab. B. Tissue GAG density. Mean± SEM, n = 4 - 5.
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Figure 3.9 Effect of the enzymatic digestion of ECM on the uptake ratio of 125I-Fab. A.
Uptake ratio in the trypsinized disks, which were separately measured in the ring and core
regions. 1 mm-thick x 3 mm-diameter disks were treated with 0.1 mg/ml trypsin for 24 hrs at
37'C. Disks were incubated at 37*C with 12s-Fab and 10 pig/ml (= 66.7 nM) unlabeled Fab in
DMEM with 0.1% BSA, and 1% ITS under 10% offset static compression. Mean ± SEM, n = 4
- 5. B. Uptake ratio in the chondroitinase ABC-treated disks, which were measured either
separately in the ring and core regions or in the whole disks. 0.5 mm-thick x 3 mm-diameter
were treated with 0.4 U/ml chondroitinase ABC for 3 days at 37*C. Disks were incubated at
370C with 12 5I-Fab but without unlabeled Fab in 1 xPBS, with 0.1% BSA, 0.01% sodium azide,
and protease inhibitors either under 10% offset static compression or free-swelling condition.
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Figure 3.10 Uptake ratio of 125I-Fab in long-term incubation, which were separately
measured in the ring and core regions. 1 mm-thick x 3 mm-diameter disks were incubated at
370C with 121I-Fab and 100 nM unlabeled Fab in lxPBS, with 0.1% BSA, 0.01% sodium azide,
and protease inhibitors under 10% offset static compression. The equilibrating buffer was
changed every 2.5 days. Mean ± SEM, n = 5.
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Figure 3.11 Uptake ratio of 1 2 1-mAb in normal and trypsin-treated human cartilage explants
incubated with or without unlabeled mAb. 0.7 mm-thick x 3 mm diameter human knee explants
(male, 28-year old, overweight, grade 0) were either kept free-swelling or treated with 0.1
mg/ml trypsin for 24 hrs at 37*C. Both groups of explants were incubated with 12 1-mAb with
or without 50 piM unlabeled mAb in 1xPBS, with 0.1% BSA, 0.01% sodium azide, and
protease inhibitors at 37'C for 3 days or 8 days. At the selected time points, disks were
collected, briefly rinsed for 10 sec and then rinsed for four times for 15 min in fresh PBS. Mean
ISEM,n=4.
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Figure 3.12 Grain density of 12 5I-mAb measured in autoradiography images from human
knee explants (see Fig. 3S.10). Cartilage disks were prepared as described in Fig. 3.11. Each
slice was divided into 3 sections along the depth (top, middle, and bottom), and grains in each
section was counted separately. Background grains existing outside of the tissue was counted
and this background grains were subtracted from the grain number counted within the tissue. A.
Grain density in untreated explants incubated with or without 50 pM unlabeled mAb for 8 days.
B. Grain density in trypsinized explants incubated with or without 50 pM unlabeled mAb for 8
days.
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Figure 3.13 Distribution of AlexaFluor-568 conjugated anti-IL-6 mAb in bovine cartilage
(collaborator: Karl Kavalkovich, Centocor). Untreated or GAG-depleted bovine cartilage disks
were incubated with fluorescent-tagged mAb for 24 hrs or 6 days. GAG depletion was carried
out by incubating explants with IL-I and OSM for 14 days prior to the experiment.
A. Untreated tissue incubated for 24 hrs. B. GAG-depleted tissue incubated for 24 hrs.
C. Untreated tissue incubated for 6 days. D. GAG-depleted tissue incubated for 6 days.
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3.7 Supplementary Data
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Figure 3S.1 Uptake ratio of 125I-Fab with graded amount (0, 10, 100, and 1000 nM) of
unlabeled Fab in bovine calf cartilage. Free-swelling cartilage disks (3 mm-diameter, 1 mm-
thick) were incubated with 125 -Fab at 370C in 1 xPBS with 0.1% BSA, 0.01% sodium azide,
and protease inhibitors. Concentration of 1251-Fab was fixed to 6.20 nM. Mean ± SEM, n = 5.
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Figure 3S.2 Uptake ratio of 125 1-Fab in adult human cartilage. A. Cartilage disks were
harvested from first ~ 700 jim layer of grade 0 human knee cartilage (condyle and patellar
groove). Donor was 43-year old male. Free-swelling cartilage disks were incubated with 1251_
Fab without unlabeled Fab at 37*C in 1xPBS with 0.1% BSA, 0.01% sodium azide, and
protease inhibitors. Mean ± SEM, n = 4. B. Cartilage disks were harvested from grade 0 human
knee (condyle and patellar groove) and ankle cartilage. Donor was 28-year old male. Free-
swelling cartilage disks were incubated with 12 -Fab with 10 Rg/ml (= 66.7 nM) unlabeled Fab
at 37*C in DMEM with 0.1% BSA, and 1% ITS. Mean ± SEM, n = 5.
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Figure 3S.3 Effect of the final strain and strain rate of mechanical injury on the tissue GAG
density and tissue hydration in bovine calf cartilage ("FS" = free swelling; "35%" = 35% final
strain, 70%/s strain rate; "50%" = 50% final strain, 100%/s strain rate; "65%" = 65% final
strain, 130%/s strain rate). Same data sets from Figure 3.6 were used. A. Tissue GAG density.
B. Tissue hydration.
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Figure 3S.4 Effect of the mechanical injury and exogenous cytokine on the tissue hydration.
Disks were incubated at 370C with 2 1I-Fab and 10 pg/ml (= 66.7 nM) unlabeled Fab in DMEM
with 0.1% BSA, and 1% ITS under 10% offset static compression. A. Tissue hydration of 3
mm diameter x 1-mm thick disk. B. Tissue hydration separately measured in the ring and core
regions. Mean ± SEM, n = 4 - 5.
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Figure 3S.5 SDS-PAGE analysis of Fab and mAb in non-reducing condition, detected by
Coomassie Blue staining. Lane 1: Fab fresh out of stock. Lane 2: Fab incubated for 2 weeks at
37*C. Lane 3: mAb fresh out of stock. Lane 4: mAb incubated for 2 weeks at 37*C.
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Figure 3S.6 Uptake ratio of 12 5I-mAb in bovine calf cartilage measured at different time
points. Cartilage disks (3 mm-diameter, 1 mm-thick) were incubated with 12s-mAb at 40 C
under free-swelling condition. Disks were incubated without unlabeled mAb in 1 xPBS with
0.1% BSA, 0.01% sodium azide, and protease inhibitors. Mean ± SEM, n = 6.
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Figure 3S.7 Uptake ratio of 12 5I-mAb with graded amount (0, 10, 100, and 1000 nM) of
unlabeled mAb in bovine calf cartilage. Free-swelling cartilage disks (3 mm-diameter, 1 mm-
thick) were incubated with 125I-mAb either at 4*C in 1xPBS with 0.1% BSA, 0.01% sodium
azide, and protease inhibitors or at 37*C in DMEM with 0.1% BSA, and 1% ITS.
Concentration of 125I-mAb was fixed to 1.23 nM and 0.76 nM for measurement at 4*C and
370 C, respectively. Mean + SEM, n = 5 for 4*C and n = 5 for 37'C. 1-way ANOVA showed
significant effect of concentration factor on the uptake at both temperatures (p < 0.000 1 at 40 C,
p = 0.016 at 37*C).
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Figure 3S.8 Effect of mechanical injury on the uptake of 1251-mAb in bovine calf cartilage.
Uptake ratio 1251-mAb in normal and injured cartilage was measured up to 4 days. Disks were
incubated with 1 2 5I-mAb without unlabeled mAb at 4*C in 1 xPBS with 0.1% BSA, 0.01%
sodium azide, and protease inhibitors. Mean ± SEM, n = 6. 2-way ANOVA (time and injury)
showed significant effect of injury on the uptake (p = 0.01).
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Figure 3S.9 Effect of the final strain and strain rate of mechanical injury on the uptake ratio
of 1251-mAb in bovine calf cartilage ("FS" = free swelling; "35%" = 35% final strain, 70%/s
strain rate; "50%" = 50% final strain, 100%/s strain rate; "65%" = 65% final strain, 130%/s
strain rate). Uptake ratio 12 51-mAb in normal and injured cartilage was measured on day 4.
Disks were incubated with 1251-mAb without unlabeled mAb at 4'C in 1 xPBS with 0.1% BSA,
0.01% sodium azide, and protease inhibitors. Mean ± SEM, n = 16. 1-way ANOVA did not
show significant effect of injury on uptake.
Figure 3S.10 Quantitative analysis of autoradiography of 12 5I-mAb in adult human cartilage.
Samples were prepared using same method described in Fig. 3.11 Images taken from each slice
were processed by IPLab (Scanalytics, Inc.) to count grains representing 125 -mAb. To
distinguish grains from background staining, a threshold blue value was chosen for each image.
Rectangular region of interest (yellow box) was selected while avoiding cells. Number of
grains in region of interest was counted and the grain density was presented as number of
grains divided by size of region of interest (pixel x pixel) in arbitrary unit.
Figure 3S.11 Distribution of AlexaFluor-568 conjugated anti-IL-6 mAb in human cartilage
(collaborator: Karl Kavalkovich, Centocor). Untreated or GAG-depleted human cartilage disks
were incubated with fluorescent-tagged mAb for 24 hrs or 6 days. GAG depletion was carried
out by incubating explants with IL-I and OSM for 14 days prior to the experiment. A.
Untreated tissue incubated for 24 hrs. B. GAG-depleted tissue incubated for 24 hrs. C.
Untreated tissue incubated for 6 days. D. GAG-depleted tissue incubated for 6 days.
CHAPTER 4
Transport and Binding of Tumor Necrosis Factor-a
to Matrix Sites in Articular Cartilage*
* This chapter is a manuscript in preparation for submission
4.1 Introduction
Tumor necrosis factor-a (TNFa) is a pro-inflammatory cytokine involved in cartilage
matrix degradation and joint damage in OA [1]. In addition to other cytokines such as IL-1,
TNFa is known as a major factor causing cartilage destruction in OA pathogenesis. TNFa
stimulates the synthesis of catabolic enzymes, such as matrix metalloproteinases and
aggrecanases, which are responsible for matrix degradation [1]. As a result, TNFa can induce a
significant aggrecanase-mediated proteoglycan loss [2]. Interestingly, combined with
mechanical injury [3] or other cytokines, such as IL-6 [4], TNFa caused a synergistic loss of
GAG from cartilage explants. Also, TNFa inhibits cartilage biosynthesis [5] and increases the
potency of IL-I in stimulating chondrocytes to synthesize nitric oxide [6], which is a key
catabolic mediator.
The bioactive form of TNFa is a 51 kDa trimer of 17.5 kDa monomer subunits [7, 8];
the monomers have a lower binding affinity to cell receptors and less cytotoxicity than trimers
[8]. Trimer TNFa slowly dissociates to the monomer form at sub-nanomolar concentrations,
but the trimer is relatively stable at the nanomolar range [7, 9]. Dissociated monomers can
rapidly reassociate to trimers if an excess amount of TNFa is added [7]. However, the TNFa
concentration in the synovial fluid from normal joints is < 5 pg/ml (= 0.29 pM) and increases
significantly to -40 pg/ml (= 2.4 pM) following joint injury [10-12], suggesting that, even in an
abnormal joint state, the trimer TNFa would dissociate to monomers due to the low
concentration of TNFa in the synovial fluid. Isoelectric point of TNFa is -5.3, which suggests
that TNFa is slightly negatively-charged in physiological pH [13].
The trimer-monomer conversion of TNFa raises interesting questions regarding the
transport of TNFa to intra-tissue targets in the cartilage since the solute size significantly
affects intra-tissue transport processes [14]. Since adult articular cartilage is avascular and
alymphatic, solutes must be delivered through the extracellular matrix (ECM), and therefore
steric hindrance between the ECM and solutes plays a key role in the transport for relatively
large molecules [15]. In general, assuming that binding is not involved in transport, smaller
solutes can diffuse faster than larger solutes, suggesting that the monomer TNFa could reach
cell receptors faster than the trimer form. However, trimers, not monomers, are the bioactive
form that can trigger cell responses.
In addition, the binding of certain proteins to sites within the ECM or, in general, to cell
receptors, can change the transport kinetics through the cartilage. For example, a reversible
binding of the anabolic growth factor, insulin-like growth factor-I (IGF-I), to its binding
proteins sequestered within the ECM inhibited diffusion of IGF-I, and effectively increased the
diffusion time of IGF-I through the adult bovine cartilage [16, 17]. Indeed, in many tissues,
TNFa is known to bind to matrix molecules including heparin [18], fibronectin [19], laminin
[20], decorin [21], biglycan [21], and dermatan sulfate [21] but not to chondroitin sulfate [21].
TNFa also weakly binds to collagen type I [19], type II [19], and type IV [22], which are major
components of the cartilage matrix. A heparin-binding domain has also recently been identified
[23]. Matrix-bound TNFa may have altered biological activity compared to soluble TNFa [19,
22, 24].
To better understand interactions between TNFa and the matrix, which may regulate the
bioactivity and accessibility of TNFa to chondrocytes, our objectives were to characterize and
quantify equilibrium binding and transient transport kinetics of TNFa in cartilage, including the
presence of the oligomeric as well as the monomeric forms of TNFu.
4.2 Materials And Methods
Tissue harvest. Cartilage explants were harvested from the femoropatellar grooves of
1-2 weeks old calves (Research 87, Marlborough, MA) [16]. Briefly, 9-mm diameter cartilage-
bone cylinders were cored and mounted on a microtome. The top superficial layer was removed
to obtain 0.5 mm-thick middle zone slices. Four or five disks (3 mm-diameter, 0.5 mm-thick)
were cored from each slice using a dermal punch. All cartilage specimens were equilibrated
either in the serum-free medium (low-glucose DMEM (1 g/L) supplemented with 1% insulin-
transferrin-selenium (10 ptg/mL insulin, 5.5 ptg/mL transferrin, 5 ng/mL selenium, Sigma), 10
mM HEPES buffer, 0.1 mM nonessential amino acids, 0.4 mM proline, 20 pg/mL ascorbic acid,
100 units/mL penicillin G, 100 ptg/mL streptomycin, and 0.25 [tg/mL amphotericin B in a 37"C,
5% C02 incubator or in the 1x phosphate buffered saline (PBS) supplemented with 0.1%
bovine serum albumin (BSA), 0.01% sodium azide (NaN3) and protease inhibitors (Complete,
Roche Applied Science, Indianapolis, IN) at 4"C prior to experiments.
Solute preparation. lodinated TNFa was purchased from PerkinElmer (Waltham, MA).
Before all experiments using 1 2 5I-TNFa, Sephadex G25 chromatography was used to separate
and remove any small 12 51species that may have resulted from degradation of iodinated
proteins, (0.7 x 50 cm columns using an elution buffer of 1 xPBS buffer with 0.1% BSA and
0.01% NaN3, and the void volume collected for the desired 125I-TNFa) [16].
Injurious compression. Cartilage disks to be injured were placed individually between
impermeable platens of a polysulfone chamber (50 % strain, 100%/s strain rate), which
generates radially unconfined compression [25]. During the injury loading, the disk was
compressed to 50% strain with a constant velocity of 1mm/second and immediately released
with the same rate (50 % strain, 100%/s strain rate). This injury protocol usually resulted in a
peak stress of ~ 20 MPa, which is known to produce ECM damage and cell death.
Measurement of uptake ratio. Disks were incubated with a fixed amount of labeled
solutes with or without unlabeled solutes. The buffer consisted of 1 xPBS supplemented with
0.1% BSA, 0.0 1% NaN3 and protease inhibitors at 4'C or DMEM supplemented with 1% ITS,
and 0.1% BSA at 37'C. At selected time points, disks were removed from the bath and briefly
rinsed in fresh PBS buffer. The surface of each disk was quickly blotted with Kimwipes and the
wet weight was measured. The 12 5I-radioactivity of each cartilage disk and aliquots of the
equilibration baths were quantified individually using a gamma counter. Disks were then
lyophilized and the dry weight was measured; the water weight of each disk was calculated
from the tissue wet and dry weights. The uptake ratio was calculated as the concentration of the
I-TNFa in the cartilage disks (per intra-tissue water weight) normalized to the concentration
of 12 5I-TNFa in the equilibration bath. The disks were then digested with proteinase-K (Roche
Applied Science, Indianapolis, IN) and the sulfated glycosaminoglycan (sGAG) content of each
disk was measured using the dimethylmethylene blue (DMMB) dye binding assay [26].
Samples from the baths were again analyzed by Sephadex G75 chromatography to determine
whether any small labeled species (e.g., 12I) may have accumulated from degradation of 125JI
TNFa during each experiment. The uptake ratio was corrected to take into account the presence
of any such small labeled species, assuming the small species to be 1251 [27]. In a separate
control experiment, the uptake ratio of 125I alone was measured to calibrate the correction factor,
which was ~ 0.6.
To investigate the possibility that TNFa may bind to specific sites within the cartilage
tissue, disks were incubated with a fixed amount of labeled solutes with graded amounts of
unlabeled solutes, and we compared the measured uptake ratio to a theoretical model as
described in 2.2 Materials and Methods in Chapter 2.
Ring-Core transport study. Plugs were compressed to ~ 10% final strain between
impermeable platens of a polysulfone plastic loading chamber to prevent diffusion from the top
and bottom surfaces. Static compression would only allow the flux from the radial direction. At
selected time points after adding radiolabeled or unlabeled solutes, disks were briefly rinsed,
and a 2-mm diameter core was punched from the center of a 3 mm diameter plug. The uptake
ratios in the annular ring and inner core were separately measured as described above.
Cross-linking TNFa. mI-TNFa or unlabeled TNFa was cross-linked with bifunctional
reagent Bis Al sulfone (BSOCOES, Pierce Chemical Co.) [8]. 121I-TNFa in 1xPBS with 0.1%
BSA or unlabeled TNFa in 1 xPBS was reacted with 1 mM BSOCOES for 10 min at 4'C. To
quench the reaction, 1 M glycine in 0.1 M sodium phosphate buffer, pH 7.5, was added to a
final concentration of 100 mM glycine and incubated for at least 15 min at 4'C. To remove
uncross-linked species, reacted 25 I-TNFa or unlabeled TNFa were passed through 30 kDa-
cutoff centrifugal filter (Millipore, Billerica, MA) and retentates were collected. The
concentration of cross-linked unlabeled TNFa was determined by BCA protein assay (Thermo
Scientific, Rockford, IL).
4.3 Results
Timer-monomer distribution of TNFa was a function of TNFa concentration. To
investigate the effect of TNFa concentration on the trimer-monomer conversion, 1251-TNFa was
incubated with a graded amount of unlabeled TNFa for 24 hrs or 48 hrs at 4'C (Fig. 4.1). With
added unlabeled TNFa, 125I-TNFa formed the trimer with unlabeled TNFa, and a higher
concentration of unlabeled TNFa induced a larger and sharper trimer peak. There was no
significant difference between 24 hrs and 48 hrs incubation when unlabeled TNFa was added
(Fig. 4. 1b, c). However, without added unlabeled TNFu, more 1 I2 5 -TNFa existed as a monomer
after 48 hrs compared to 24 hrs (Fig 4.1 a).
Equilibrium and transient uptake ratio of 12sI-TNFa depended on the bath
concentration of TNFa. The uptake ratio of 125I-TNFa in both human and bovine cartilage was
~6-7 at low concentrations of unlabeled TNFa and decreased markedly with the addition of
unlabeled TNFa (Fig. 4.2). The addition of sodium azide and protease inhibitors did not
substantially alter the uptake ratio (Fig. 4.2a, Viable cells vs. Non-viable cells). A similar result
was observed when the experiment was repeated using 1 xPBS with 0.1% BSA at 4'C (Fig.
4S.3), indicating that cellular activity was not the major determinant of the equilibrium binding
of TNFa within the tissue. GAG loss from explants during 48 hrs of TNFa incubation at all
concentrations was <5.8% for media with azide (<11.5% for without azide, Fig. 4S.2).
One way to explain the decrease in the uptake ratio with added unlabeled TNFa is the
competition for binding sites between 125- and unlabeled TNFa. For this case, we used a
theoretical model based on a first-order, reversible, bimolecular reaction involving one
dominant family of binding sites. This model treated monomeric and trimeric TNFa as the
same molecule, hence having the same binding properties. The estimated binding parameters
for the medium with sodium azide and protease inhibitors were NT= 10.8 ± 0.63 nM, Keq =
1.86 ± 0.01 nM, and K = 0.99 ± 0.03 (1 nM 17 ng/ml). The theoretical curve of the uptake
ratio (solid line, Fig. 4.2a) was constructed from these binding parameters. For comparison, the
TNFa cell receptor density is sub-nanomolar, significantly lower than the predicted site density,
NT, based on the known cell density [28] and the number of TNFa receptors per cell [29].
Measurements of the transient uptake ratio of 125I-TNFa up to 2 days (Fig. 4.3a),
combined with the equilibrium binding parameters (NT, Keq, K) from Fig. 4.2 and the transient
diffusion-reaction theory [16], gave a diffusivity for 125I-TNFa within cartilage of 9x 10~8 cm2/s
without unlabeled TNFa, and a lower value, 1.2x 10~8 cm2/s, with 340 ng/mL of unlabeled
TNFa. G75 chromatography (Fig. 4.3b) showed that 12 5I-TNFa existed more as a monomer at
the low TNFa concentration but formed the trimer at higher concentrations, as previously
reported [7].
Equilibrium uptake ratio of cross-linked 125I-TNFa was significantly lower than that
of native 12sI-TNFa. A decrease in the uptake ratio with the unlabeled TNFa (Fig. 4.2) also can
be explained by different binding properties for trimer and monomer. Svenson et al. showed a
higher nonspecific binding of monomeric than of trimeric 12 5 1-TNFa to IgG [30]. To test
whether the monomer and the trimer have different binding and uptake in the cartilage, we
cross-linked TNFa to artificially generate a trimer-only TNFa. Using BSOCOES as a cross-
linking agent, both 12 5I-TNFa and unlabeled TNFa were successfully cross-linked to a trimeric
form showing a higher molecular weight (Fig. 4.4). Cross-linked 1 25I-TNFa remained in the
trimer form at a sub-nanomolar concentration, at which untreated 12sI-TNFa spontaneously
dissociates to the monomer (Fig. 4.4a). Native unlabeled TNFa appeared at three distinctive
bands in the SDS-PAGE analysis, representing the trimer, dimer, and monomer (Fig. 4.4b),
whereas cross-linked unlabeled TNFa showed a single band at the trimer location (Fig. 4.4b).
To test whether cross-linking disrupts the bioactivity of TNFa, the catabolic effect of
cross-linked TNFa on the cartilage tissue was compared to that of native TNFa. Sulfate
incorporation rate was decreased by both native and cross-linked TNFc although only 100
ng/ml native TNFa showed a significant difference (Fig. 4.5a). Similarly, GAG loss to medium
was increased by adding both native and cross-linked TNFa (Fig. 4.5b). Cross-linked TNFa
showed similar catabolic effects on cartilage tissue, suggesting that cross-linking did not
disrupt the TNFa-cell receptor binding.
The equilibrium uptake of cross-linked 125I-TNFa was measured with and without
cross-linked unlabeled TNFa. The uptake ratio of cross-linked 1 25I-TNFa decreased from 0.8 to
0.47 with added cross-linked unlabeled TNFa and was significantly lower than that of native
1I-TNFa (Fig. 4.6a), suggesting that the trimer exhibits less binding to matrix sites than the
monomer. Unlike native 12 5I-TNFa (Fig. 4.3b), cross-linked 125I-TNFa remained as the trimer
regardless of the presence of cross-linked unlabeled TNFa (Fig. 4.6b).
Equilibrium uptake of 12 5I-TNFa was not affected by trypsin treatment. To examine
and differentiate between possible binding sites in the matrix, the tissue was treated with
trypsin, and the uptake ratio was measured. Trypsin is known to digest fibronectin [31], laminin
[32], proteoglycan core proteins and other non-collagenous proteins. Interestingly, trypsin
treatment did not significantly alter the uptake ratio of 12 5I-TNFa regardless of the presence of
unlabeled TNFa, suggesting that the binding sites were not removed by trypsin treatment (Fig.
4.7). Further treatment with chondroitinase ABC following trypsin treatment did not change the
uptake ratio, which confirmed that chondroitin sulfate GAGs were not the major binding sites
of TNFa (Fig. 4S.5).
12sI-TNFa was able to penetrate into the cartilage tissue. To test whether 125s-TNFa is
able to penetrate into the cartilage and not just sticking to the outer surface of the cartilage, the
uptake ratio was separately measured in the ring and core regions using a static compression
chamber. Although the uptake ratio measured in the ring was significantly higher than that in
the core, 12 5I-TNFa did show certain amount of penetration into the core (Fig 4.8a). Trypsin
treatment significantly increased the uptake ratio in the core compared to the uptake measured
in the core of normal disks at the same time point, indicating the depletion of GAG decreased
the steric hindrance and facilitated the diffusive transport into the core region. As a result,
unlike the normal tissue, trypsin treated disks showed similar values of the uptake ratio for the
ring and core. Adding unlabeled TNFa reduced uptake ratios in both ring and core regions for
normal and trypsinized disks. The distribution of trimer-monomer forms of 12 5I-TNFa was well
preserved until the end of experiment (Fig. 4.8b-c).
4.4 Discussion
Predicted binding site density from the fit of biomolecular reaction model was ~10 nM,
significantly higher than the TNFa cell receptor density, which is sub-nanomolar [28, 29]. The
results of this study suggest that TNFa binds to sites within the cartilage matrix, resulting in the
TNFa concentration higher in the tissue than the bath. The monomeric form of TNFa showed
stronger binding than the trimer TNFa. As a result, the trimer-monomer conversion of TNFa
played a key role in regulating the binding of TNFa. Trypsin treatment of explants did not
change the extent of binding of TNFa, indicating that binding sites were not removed by
trypsin treatment.
The equilibrium uptake ratio decreased markedly with addition of graded amounts of
unlabeled TNFa, suggested that there was significant binding of TNFa to the tissue matrix.
Interestingly, the fit of the equilibrium binding isotherm and the transient uptake theory to their
respective data were consistent with the reversible binding of TNFa to a single, dominant
family of binding sites within the matrix. However, this model was based on the bimolecular
reaction model which assumed that the trimer and the monomer had the same partition
coefficient, binding site density, dissociation constant.
Svenson et al. suggested that the TNFa monomer had a higher binding affinity to a
human immunoglobulin than the trimer [30]. Our study with the cross-linked TNFu, indeed,
showed that the trimeric TNFa exhibited significantly less binding than the monomer, in
contrast to our model that assumed the bimolecular reaction with the same binding constants
for both species. One caveat in understanding the result using cross-linked TNFa is that cross-
linking process might change the structure of TNFa and disrupt its native binding property.
This concern was also raised from Smith et al. and they showed that cross-linked TNFa had a
weaker binding to cell receptors. As a result, in order to elicit the same level of cytotoxicity,
more cross-linked TNFa was needed than the native TNFa [8]. However, although the activity
from the cross-linked TNFa was weaker than the native TNFQ, the receptor binding was not
completely lost [8]. Our observation of GAG loss and the reduction in the biosynthesis induced
by the cross-linked TNFa in the cartilage also suggested that the binding to receptors on
chondrocytes was not significantly disrupted by cross-linking. This suggested that the TNFa
structure was not severely disturbed after cross-linking, although the binding mechanism to cell
receptors may be different from that to matrix binding sites.
The monomer form of TNFa can travel faster than the trimer in the tissue due to its
smaller size, but the binding of monomer TNFa will effectively slow down the diffusion of
monomer. The TNFa concentration in the synovial fluid is in the picomolar range, suggesting
that the soluble TNFa trimer will slowly dissociate to monomers. Once TNFa is dissociated to
monomers, TNFa monomers will bind to the matrix, which will hinder the diffusion of TNFa
in the cartilage even though the monomers have a higher diffusivity than the trimers.
Additionally, the TNFa monomers have to reassociate to the trimer in order to bind cell
receptors since the trimer is the bioactive form. These additional steps will reduce the ability of
the TNFa monomer to stimulate chondrocytes within the cartilage tissue. If the trimer TNFa
can maintain its trimeric form until it reaches to cell receptors during the transport through the
matrix, the trimer will diffuse with less binding than the monomer although the diffusion of
trimer is slower than the monomer. It is important to note that the local TNFa concentration is
not an only factor that governs the availability of TNFa around the cells. The trimer-to-
monomer conversion, according to the local concentration of TNFa, along with different
binding affinities of the trimer and the monomer to matrix sites can also play a major role in
regulating the availability and bioactivity of TNFa.
If there is no other mechanism that prevents the dissociation of trimeric TNFa to the
monomer form within the synovial fluid or cartilage tissue, a significant portion of TNFa will
be in monomeric due to its low concentration. As described above, considering binding and
inferior bioactivity, the monomer TNFa will possess reduced ability to stimulate chondrocytes
compared to the trimer. A further complication is the presence of soluble forms of TNFa
receptor (sTNFR), which are well known to inhibit the effect of TNFa [1]. However, Aderka et
al. showed that sTNFR can augment the effect of TNFa by stabilizing the structure of TNFa
when sTNFR exists at low concentrations [33]. This suggests that sTNFR can function as a
carrier of TNFa, maintaining the trimeric form of TNFa during transport. However, molecular
weights of receptor-ligand complexes are 75 kDa and 100 kDa with sTNFR-I and sTNFR-II,
respectively [34], indicating the complex will be largely excluded from the interstitial space.
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Trypsin treatment of cartilage did not significantly change the uptake ratio of TNFa,
suggesting that the binding site(s) were not removed by trypsin. Trypsin is known to degrade
proteoglycan core proteins, suggesting that collagen may be one of the candidates for binding.
In the cartilage, collagen type II is most abundant form and collagen types IX, XI, VI, and X,
are present in relatively smaller amounts. Considering relative abundance, collagen type II is a
major candidate for binding sites. Indeed, TNFa is known to bind weakly to collagen type I, II,
and IV [19, 22]. TNFa is not the only cytokine or growth factor that is known to bind to
collagen molecules. There are other growth factors known to bind collagens, including
transforming growth factor-p that binds to collagen type VI and platelet derived growth factor
that binds to collagen type I, II, III, IV, V, and VI. [35]. Ongoing studies are focusing on the
further identification of the matrix molecules and proteins that bind TNFa.
In summary, our results suggest that TNFa monomers bind to matrix sites, which can
significantly slow the transient transport of TNFa within cartilage. In addition, since the local
concentration of TNFa can affect the trimer-to-monomer conversion, cartilage matrix can play
a major role in regulating the local concentration and bioactivity of TNFa. In turn, TNFa
stimulation of cells can upregulate matrix remodeling and degradation. Identifying the matrix
binding sites and its binding mechanism will help us to better understand the feedback between
cytokine stimulation and matrix remodeling.
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Figure 4.1 Effects of concentration of TNFa on the distribution of monomeric and
oligomeric forms. A fixed amount of 12sI- TNFa (2.55 ng/ml = 0.15 nM) was incubated with a
graded amount of unlabeled TNFa for 24 hrs or 48 hrs at 4*C. Samples were analyzed by
Sephadex G75 gel filtration chromatography. A. No unlabeled TNFaC was added. B. 50 ng/ml
(2.94 nM) unlabeled TNFac was added. C. 340 ng/ml (20 nM) unlabeled TNFa was added.
D. Results from A ~ C at 48 hrs were plotted together.
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Figure 4.2 A. Equilibrium uptake ratio of 12 5I-TNFa (0.838 ng/ml = 0.0492 nM) in bovine
calf cartilage. Disks were incubated in DMEM with 1% ITS, and 0.1% BSA at 37*C for 48 hrs
in the presence (closed square, non-viable cell) or absence (open circle, viable cell) of 0.01%
sodium azide (NaN3)+ protease inhibitors. Solid line shows theoretical prediction for the
medium with sodium azide assuming a dominant single family of binding sites. (n = 6, mean
SEM). The uptake ratio decreased with addition of graded amounts of unlabeled TNFa.
B. Equilibrium uptake ratio of 125I-TNFa (1.91 ng/ml = 0.112 nM) in adult human cartilage
(grade 0 tissue from patellar groove, 44 yr, male, normal weight). Disks were incubated in
1xPBS with 0.1% BSA, protease inhibitors, and 0.01% NaN3 at 37'C for 48 hrs (n = 8, mean
SEM). The uptake ratio decreased with a graded amount of unlabeled TNFa.
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Figure 4.3 A. Transient transport of "'I-TNFa (0.838 ng/ml = 0.0492 nM) with or without
unlabeled TNFa (340 ng/ml = 20 nM) into bovine calf cartilage. Disks were incubated in
DMEM with 1% ITS, and 0.1% BSA at 37'C. Solid lines are prediction of diffusion-reaction
theory (n = 6, mean ± SEM). B. Sephadex G75 chromatograms of equilibration baths. Arrows
indicate the elution volumes of molecular weight standards (kDa).
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Figure 4.4 A. Sephadex G75 chromatography of native 1251-TNFa and cross-linked 1251_
TNFa. 12sI-TNFa (5 nM) was either cross-linked or untreated, and then diluted to a final
concentration of 0.1 nM. After 24 hrs at 370C, each sample was run through a G75 column.
B. SDS-PAGE analysis of native (lane 1) and cross-linked (lane 2) unlabeled TNFa, detected
by silver staining. Unlabeled TNFa was either cross-linked or kept untreated. Cross-linked
TNFa was passed through 30 kDa-cutoff centrifugal filter to remove uncross-linked monomers
and to only retain trimer TNFa. Native TNFa was also filtered using the same method to test
whether the ultrafiltration step would disrupt the structure of TNFa. Collected retentates from
filtration were run through SDS-PAGE (10% Bis-Tris gel) under non-reducing condition and
detected by silver staining. Cross-linked TNFa showed a single trimer band. However, native
TNFa showed three bands representing trimer, dimer, and monomer since non-covalently
linked TNFa trimer retained after filtration was dissociated into dimer and monomer during
SDS-PAGE.
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Figure 4.5 Bioactivity of cross-linked TNFa was compared to native TNFa. A. Sulfate
incorporation rate during last 48 hrs of 6-day incubation. B. GAG loss to media during 6-day
incubation. n = 6, mean + SEM *p<0.05, 1-way ANOVA, post-hoc Dunnett's test with CTRL
as a reference.
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Figure 4.6 A. Uptake ratio of native and cross-linked '251-TNFa. Native 15I-TNFa (23 pM)
was incubated with or without 20 nM native unlabeled TNFQ for 24 hrs at 4*C. Cross-linked
1-TNFa (81 pM) was incubated with or without 20 nM cross-linked unlabeled TNFa for 24
hrs at 37*C. B. Sephadex G75 chromatography of cross-linked 125I-TNFa (81 pM) with or
without 20 nM cross-linked unlabeled TNFa.
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Figure 4.7 Effect of trypsin treatment on the equilibrium uptake of 12 5I-TNFa in the bovine
calf cartilage with the presence or absence of unlabeled TNFa (340 ng/ml = 20 nM). Disks
were either free swelled (Untreated) or treated with 0.1 mg/ml trypsin for 48 hrs at 37*C (TRP).
Disks were incubated with I25 -_TNFa (0.39 ng/ml = 0.023 nM) and unlabeled TNFa (0 or 20
nM) for 48 hrs in 1xPBS with 0.1% BSA, protease inhibitors, and 0.01% NaN3 at 37*C (n = 5,
mean± SEM).
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Figure 4.8 A. Uptake ratio of 12 5I-TNFa in the ring and core of the bovine calf cartilage
with the presence or absence of unlabeled TNFa (340 ng/ml = 20 nM). 1 mm-thick disks were
maintained either free swelling (Untreated) or treated with 0.1 mg/mi trypsin for 48 hrs at 37*C
(TRP) before being compressed to ~ 900 gm between impermeable platens. Disks were
incubated with 2 5I-TNFa (0.39 ng/ml = 0.023 nM) and unlabeled TNFa (0 or 20 nM) for up to
4 days in 1xPBS with 0.1% BSA, protease inhibitors, and 0.01% NaN 3 at 37*C (n = 4, mean
SEM). B. Sephadex G75 chromatography analysis of equilibrating baths collected at day 2.
C. Sephadex G75 chromatography analysis of equilibrating baths collected at day 4.
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Figure 4S.2 GAG loss to media and GAG remained in the disks after 48 hrs incubation (from
Fig. 4.2). Disks were incubated in DMEM with 1% ITS, and 0.1% BSA at 37*C for 48 hrs in
the presence (closed square, non-viable cell) or absence (open circle, viable cell) of 0.01%
sodium azide (NaN3) + protease inhibitors. (n = 6, mean ± SEM). A. GAG loss to media.
B. GAG remained in the disks.
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Figure 4S.3 Equilibrium uptake ratio of 1 25I-TNFa in the bovine calf cartilage with two
different ranges of the concentration of unlabeled TNFa. Disks were incubated in 1xPBS with
0.1% BSA, protease inhibitors, and 0.01% NaN3 at 4*C for 48 hrs (n = 6, mean ± SEM).
A. Uptake ratio measured with low concentration of unlabeled TNFa (12 5I-TNFa = 0.044 ng/ml
= 2.59 pM). B. Uptake ratio measured with high concentration of unlabeled TNFa (12 5I-TNFa
= 2.55 ng/ml = 0.15 nM).
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Figure 4S.4 GAG loss to media and GAG remained in the disks at each time point during 48
hrs incubation (from Fig. 4.3). Disks were incubated in DMEM with 1% ITS, and 0.1% BSA at
37*C up to 48 hrs with or without 340 ng/ml (20 nM) unlabeled TNFa. A. GAG loss to media.
B. GAG remained in the disks (n = 6, mean + SEM).
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Figure 4S.5 Effects of trypsin and chondroitinase ABC treatment on the equilibrium uptake
of 12 5 I-TNFa in the bovine calf cartilage with the presence or absence of unlabeled TNFa (340
ng/ml = 20 nM). Disks were either free swelled (Untreated), treated with 0.1 mg/ml trypsin for
48 hrs at 37*C (TRP), or trypsinized first then treated with 0.1 U/ml chondroitinase ABC for 4
days at 37*C (TRP+C'ase). Disks were incubated with '2 1-TNFa (2.39 ng/ml = 0.14 nM) and
unlabeled TNFa (0 or 20 nM) for 48 hrs in 1 xPBS with 0.1% BSA, protease inhibitors, and
0.01% NaN3 at 37*C (n = 5, mean ± SEM).
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Figure 4S.6 Effect of the diameter of explants on the equilibrium uptake of 12 5I-TNFa in the
bovine calf cartilage with the presence or absence of unlabeled TNFa (340 ng/ml = 20 nM).
500 pm-think cartilage slices were punched to either 2 mm, 3mm, or 4 mm diameter disks.
Disks were incubated with '2 1-TNFa (2.39 ng/ml = 0.14 nM) and unlabeled TNFa (0 or 20
nM) in DMEM with 0.1% BSA, 1% ITS at 37'C (n = 5, mean ± SEM).
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Figure 4S.7 Effects of DMSO and high ionic strength on the equilibrium uptake of 125I
TNFa in the bovine calf cartilage with the presence or absence of unlabeled TNFa (340 ng/ml
= 20 nM). Disks were incubated with 12 5I-TNFa (2.39 ng/ml = 0.14 nM) and unlabeled TNFa
(0 or 20 nM) for 48 hrs in the following equilibrating baths supplemented with 0.1% BSA,
protease inhibitors, and 0.01% NaN3 at 370 C (n = 5, mean ± SEM). "Untreated" = 1 xPBS;
"3.5% DMSO" = 1xPBS + 3.5% DMSO; "10% DMSO" = 1xPBS + 10% DMSO; "IM NaCl"
= 1M NaCl. A. Uptake ratio of 125I-TNFa in each bath condition. B - E. Sample from each
119
0.07
3 0.06
0.05
.2
20.04
0.03
E 0.02
0
z 0.01
0
bath was analyzed by Sephadex G75 chromatography, which were pre-equilibrated with
corresponding baths. B. Untreated. C. 3.5% DMSO. D. 10% DMSO. E. IM NaCl.
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Figure 4S.8 Effect of reversible binding or trimerization on the uptake of 125TNFa.
"Control" = samples incubated for 48 hrs with or without 20 nM unlabeled TNFa; "Pre-
equilibrium w/o TNF" = samples were pre-equilibrated for 48 hrs without unlabeled TNFa
followed by another 48 hrs incubation with or without 20 nM unlabeled TNFa. Bovine calf
cartilage disks were incubated with 125I-TNFa (2.39 ng/ml = 0.14 nM) in 1 xPBS with 0.1%
BSA, protease inhibitors, and 0.0 1% NaN3 at 37*C (n = 5, mean t SEM).
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Figure 4S.9 Effect of small inhibitor of TNFa trimerization (Calbiochem, product number
654256). A. Sephadex G75 chromatography of 1 2 5I-TNFa, incubated with 20 nM unlabeled
TNFa +20 pM small inhibitor in 1xPBS with 0.5% DMS0, 0.1% BSA for 48 hrs at 37*C.
B. G75 chromatography of 1251-TNFa, incubated with +20 nM unlabeled TNFa ±20 RM small
inhibitor in 1xPBS with 1% DMSO, 0.1% BSA for 48 hrs at 4*C.
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Figure 4S.10 SDS-PAGE analysis of native or cross-linked TNFa (0.78 RM), pre-incubated
with or without small inhibitor (50 pM). TNFa was pre-incubated with or without small
inhibitor for 30 min at room temperature. For cross-linking, BSOCOES was treated to TNFa
for 30 min at room temperature. After quenching cross-linking, samples were kept at 40C for
overnight. Silver staining was used to detect TNFa.
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Figure 4S.11 SDS-PAGE analysis of native or cross-linked TNFa. Lane 1: Native TNFa
filtered with 3 kDa Millipore. Lane 2: Native TNFa filtered with 30 kDa Millipore. Lane 3:
Cross-linked TNFa was run through 30 kDa-cutoff centrifugal filter. For cross-linking (lane 2
and 3), BSOCOES was treated to TNFa for 30 min at room temperature.
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Figure 4S.12 SDS-PAGE analysis of native or cross-linked TNFa. Lane A: Native TNFa
filtered with 30 kDa Millipore. Lane B and C: Cross-linked TNFa was run through 30 kDa-
cutoff centrifugal filter. For cross-linking, BSOCOES was treated to TNFa for 10 min at 4'C
(lane B) or at room temperature (lane C).
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Figure 4S.13 Effect of 0.5% DMSO on dissociation of TNFa. 125I-TNFa was incubated with
20 nM unlabeled TNFa in 1xPBS with 0.1% BSA and with or without 0.5% DMSO for 48 hrs
at 37*C, followed by Sephadex G75 chromatography.
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Figure 4S.14 Sephadex G75 chromatography of native 125I-TNFa with or without native
unlabeled TNFa from Fig. 4.6.
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Figure 4S.15 Effect of mechanical injury on the transient uptake of m25 I-TNFa (2.55 ng/ml =
0.15 nM) in the presence or absence of unlabeled TNFa (250 ng/ml = 14.7 nM). Untreated or
injured disks were incubated in 1 xPBS with 0.1% BSA, protease inhibitors, and 0.01% NaN3 at
4*C (n= 6, mean SEM).
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4.8 Appendix
We modified the bimolecular binding reaction model to include the effect of monomer-
trimer conversion on the diffusion and binding. First, the conversion among monomer, dimer,
and trimer was modeled with a sequential process assuming a single dissociation constant, KD
(Alzani et al., Biochemistry, 1995).
Monomer + Monomer <-* Dimer (1)
Monomer + Dimer +-* Trimer (2)
Then, the concentrations of the monomer, dimer, and trimer can be related by
m2
D = -(3)
KD
M 3
K 3 (4)
D
where, M, D, and T are the bath concentration of the monomer, dimer, and trimer, respectively.
Once the total concentration of all species in the bath is given by
Total concentration in the bath = M+ D + T (5)
then we can form a cubic equation with respect to any concentration (M, D, or ) using Eqs. (3)
and (4). The solution from this cubic equation gives the equilibrium concentrations of the
monomer, dimer, and trimer in the bath.
Within the cartilage tissue, the same rule would govern the monomer-trimer conversion,
as described above. Therefore, following the same method, we can find the equilibrium intra-
tissue concentrations of the monomer, dimer, and trimer with the known total concentration of
all three species within the cartilage, as given by
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_ M2
D = -(6)
KD
T = K(7)
D
Total concentration in the cartilage = M + D + T (8)
where, M, D , and T are the intra-tissue concentrations of the monomer, dimer, and trimer,
respectively.
In addition, the intra-tissue concentration of each species is affected by the partitioning
from the bath, which is given by
M =K1M (9)
D =K 2D (10)
T=KT (11)
where, K1, K2, and K3 are the partition coefficients of the monomer, dimer, and trimer,
respectively. Combining Eqs. (3), (4), (6), (7), (9)-(1 1) gives strong restrictions on the partition
coefficient, which is given by
K2 = Ki 2(12)
K3 = K3 . (13)
However, Eqs. (12) and (13) are based on a simple mathematical derivation without
considering underlying physical principles to merge the equilibrium partitioning with
monomer-trimer conversion. Therefore, Eqs. (12) and (13) may not be valid under certain
circumstances, but for simplicity, in this section, we will assume that Eqs. (12) and (13) are
valid.
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Considering the presence of all three species, monomer, dimer, and trimer, the uptake
raito is given by
U-M +2D+3T±B (14)
M+2D+3T
N
B=M T (15)
KEQ +M
where, B is the concentration of bound TNFa, NT is the binding site density, and KEQ is the
dissociation constant of binding reaction between the monomer TNFa and binding sites. For
simplicity, we assumed negligible binding of dimer and trimer to matrix sites. Using Eqs. (14)
and (15), the new fit of the binding variable can be found from the same experimental results in
Fig. 4.2a. Using revised model, the estimated binding parameters for the medium with sodium
azide and protease inhibitors were NT = 38.7 ± 7.47 nM and KEQ 3.29 ± 0.72 nM, assuming
KD = 5, K = 0.5, K 2 = 0.25, and K3 = 0.125 (arbitrarily chosen). The theoretical curve of the
uptake ratio was constructed from these binding parameters as shown below.
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CHAPTER 5
Summary and Conclusions
The goal of this thesis was to characterize uptake and binding kinetics of proteins,
biopharmaceuticals and small pharmaceutical compounds in articular cartilage and to evaluate
the effect of joint injury and pro-inflammatory cytokines on transport properties.
The objective of Chapter 2 was to quantify and model the equilibrium uptake and
transient transport kinetics in normal cartilage of specific pharmaceutical agents, Pf-pep, a 760
Da positively charged peptide inhibitor of the proprotein convertase PACE4. We found that
there is little or no binding of Pf-pep to sites within the cartilage tissue. The uptake of Pf-pep
was significantly higher in middle-deep zone compared to more superficial cartilage overall.
Uptake of Pf-pep depended on glycosaminoglycan charge density, and was consistent with
predictions of Donnan equilibrium given the known charge of Pf-pep. In separate transport
experiments, the diffusivity of Pf-pep in cartilage was measured to be ~1x 10~6 cm 2/s, close to
other similarly-sized non-binding solutes.
The goal of Chapter 3 was to evaluate the effect of cartilage mechanical injury and
inflammatory cytokines on the uptake of anti-catabolic therapeutics, and to relate the alteration
in intratissue transport of these molecules with the extent of degradation of cartilage. Uptake of
anti-IL-6 Fab fragment (48 kDa) in cartilage was significantly increased by mechanical injury,
which also caused an increase in tissue hydration. Higher strain and strain rate during injurious
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loading resulted in a further increase in uptake ratio. TNFa treatment combined with
mechanical injury further increased the uptake, which was accompanied by GAG loss from the
tissue. The spatial distribution of the Fab varied substantially with depth during the diffusion
process before complete equilibration, with lower amounts of Fab detected in the deeper region
of tissue. Competitive binding measurements with unlabeled Fab showed negligible change in
uptake of 1 25 -Fab up to 1 ptM of unlabeled Fab. However, trypsin treatment of explants or
long-term incubation revealed uptake ratios greater than 1, suggesting that there was either
significant binding of Fab within the tissue, or that a significant amount of radiolabeled species
had accumulated at tissue surfaces including the superficial zone.
In chapter 4, we characterized the uptake and binding of the major pro-inflammatory
cytokine, TNFa, to discover the key factors determining transport process of TNFa into
cartilage. We found that there is a significant binding of TNFa to matrix sites. Transient uptake
of mI-TNFa depended on the bath concentration of TNFa, which affected the binding and also
monomer-trimer conversion of TNFa. TNFa that was cross-linked to the trimeric form showed
significantly less binding compared to native TNFa, suggesting that monomers bind more than
trimers. Binding of TNFa was not disrupted by trypsin treatment, indicating that binding sites
were not removed by trypsin. Measurement of uptake in separate ring-core regions using
normal and trypsin treated cartilage showed that TNFa was able to penetrate into the center of
both normal and trypsinized cartilage. In addition, depletion of matrix by trypsin resulted in
faster penetration of TNFa. Further study is necessary to determine the identity of the binding
sites in order to understand the role of these binding interactions between that matrix and TNFa.
In summary, injurious mechanical loading and inflammatory cytokines applied to
cartilage changed the kinetics of uptake and retention of proteins and therapeutic agents within
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the tissue via degradation and remodeling of the matrix. The extent of alteration in transport
properties was correlated with the severity of the disruption of the matrix. This is important
since transport of peptide or protein therapeutics into and within cartilage tissue is affected by
the size and charge of the drugs as well as specific components of the cartilage matrix. The
change in the accessibility of the inflammatory cytokines to the chondrocytes will further
upregulate matrix degradation, forming a dynamic feedback between matrix integrity and
transport of cytokine or other proteins.
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APPENDIX A
Effects of pro-anabolic and anti-catabolic factors on
cartilage matrix degradation and loss in an in vitro
co-culture model
A.1 Objective
To determine the ability of pro-anabolic and anti-catabolic factors, i.e., dexamethasone,
dynamic compression, an aggrecanase inhibitor, and an anti-IL-6 Fab antibody fragment, to
ameliorate cartilage matrix degradation and loss using an in vitro model of cartilage
degeneration in which mechanically injured cartilage is incubated with joint capsule tissue
A.2 Methods
Bovine cartilage explants were harvested from the femoropatellar grooves of a 1-2
weeks bovine calf (Research 87, Marlborough, MA) [1]. Briefly, 9-mm diameter cartilage-bone
cylinders were cored and mounted on a microtome. Top superficial layer was removed to
obtain 1 mm-thick middle zone slices. Four or five disks (3 mm-diameter, 1 mm-thick) were
cored from each slice using a dermal punch. All bovine cartilage specimens were equilibrated
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in serum-free medium (low-glucose DMEM, 1 g/L) supplemented with 1% insulin-transferrin-
selenium (10 tg/mL insulin, 5.5 pig/mL transferrin, 5 ng/mL selenium, Sigma).
Human knee joints were obtained from the Gift of Hope Organ and Tissue Donor
Network (Elmhurst, IL), approved by the Office of Research Affairs at Rush-Presbyterian-St.
Luke's Medical Center and the Committee on Use of Humans as Experimental Subjects at MIT.
Human cartilage explants were harvested from both femoropatellar groove and femoral
chondyles [2]. Unlike bovine tissue, human explants included the intact superficial layer and
the thickness was ~0.8 mm. All human cartilage specimens were equilibrated in serum-free
medium (high-glucose DMEM, 4.5 g/L) supplemented with 1% insulin-transferrin-selenium
(10 pg/mL insulin, 5.5 pg/mL transferrin, 5 ng/mL selenium, Sigma).
Cartilage disks to be injured were placed individually between impermeable platens of
a polysulfone mechanical loading chamber (50 % strain, 100%/s strain rate), which is used to
apply radially unconfined compression [3]. During the injury loading, the disks were
compressed to 50% strain with a constant velocity of 1mm/second and immediately released at
the same velocity (50 % strain, 100%/s strain rate).
Joint capsule explants were cut from the tissue immediately proximal to the articular
cartilage. Joint capsule tissue was punched to individual pieces using 5-mm diameter dermal
punch was and then equilibrated in the same medium used for cartilage explants. For co-culture,
an individual joint capsule tissue was placed with a single cartilage explant in the same well of
a 48-well dish during the incubation. For the condition co-culture with injury, a mechanically
injured cartilage was incubated with a freshly cut joint capsule explant.
Aggrecanase inhibitor (Compound D) was kindly provided by Micky Tortorella and
John Sandy. The compound is acyclic carboxylate, a small molecule inhibitor of aggrecanases
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developed at Pfizer, having molecular weight 502 Da and IC50 values for inhibiting ADAMTS-
4 and -5 of 0.39 and 2.2 nM, respectively. This compound is highly selective for ADAMTS-4
and -5 and is relatively inactive against MMPs and ADAMs (ADAM-8 and -17). The anti-IL-6
Fab fragment was kindly provided by Centocor. Its molecular weight is 48 kDa and EC50
against 500 pg/ml rhIL-6 is 8.5 pM.
The explants from the groups, untreated control, injury, co-culture, and co-culture with
injury were left untreated or treated with pro-anabolic and anti-catabolic factors;
dexamethasone (10, 50 or 100 ng/ml) was added to the medium; unconfined dynamic
compression (10% offset ± 3%, 0.1 Hz) was applied to explants in polysulfone chambers;
aggrecanase inhibitor (50 nM) was added to the medium; anti-IL-6 Fab fragment (35 pig/ml)
was added to the medium.
The sulfated glycosaminoglycan (sGAG) content of the cartilage disks and medium
were measured using the dimethylmethylene blue (DMMB) dye binding assay. To quantify
biosynthesis rate, 5 ptCi/ml Na 235 SO 4 and 10 tCi/ml L-5-3H-proline were added to bovine
culture medium before termination of experiment (24 hrs or 48 hrs radio-labeling), as measures
of proteoglycan and total protein synthesis rates, respectively. For human tissue, both
concentrations of radiolabel were doubled to 10 ptCi/ml and 20 pCi/ml, respectively. Radiolabel
incorporation was measured using a liquid scintillation counter after digesting explants with
proteinase K (Roche, Indianapolis, IN) [4].
A.3 Results and Discussion
Mechanical injury oc cartilage followed by co-culture with joint capsule significantly
decreased cchondrocyte biosynthesis rates, consistent with previous observation [5]. Treating
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with 100 nM dexamethasone increased biosynthesis rates of all groups (Fig. A. 1). However,
dexamethasone was not able to completely negate the effect to injury and co-culture, in which
decreased biosynthesis persisted even in the presence of dexamethasone. Similar results were
observed by adding 50 nM dexamethasone (Fig. A.2). However, 10 nM dexamethasone was
not as potent as 50 or 100 nM dexamethasone in restoring biosynthesis rate (Fig. A.3).
Applying dynamic compression was not successful in rescuing sulfate incorporation
rates in treated groups (Figs. A.4 and 5) and only the untreated control group showed slight
increases in sulfate incorporation with dynamic compression. There was a significant effect of
dynamic compression on proline incorporation in one animal but the rate was not completely
restored to the control level. Applying the same level of dynamic compression, Kurz et al.
observed that mechanically injured cartilage lost its anabolic response to dynamic compression
[3]. Interestingly, cartilage tissue co-cultured with joint capsule was not able to respond to
dynamic compression, suggesting co-culture blocked anabolic pathway, which was inducible
by dynamic loading.
To test the effect of the aggrecanase inhibitor on blocking GAG degradation caused by
injury and co-culture, the aggrecanase inhibitor was applied to the medium during the long-
term incubation. Total GAG remained in the disks after 16-day incubation was decreased by
injury and co-culture (Fig. 6c), consistent with the results reported by Lee et al [6]. However,
our preliminary results using the aggrecanase inhibitor showed that it was not able to reduce
GAG loss from the explants. In the presence of the aggrecanase inhibitor, the total GAG of the
disks was decreased; measurement of the GAG lost to the medium will be needed to determine
whether GAG loss as a percent of total was affected. Also, disks treated with aggrecanase
inhibitor showed lower biosynthesis rates (Fig. A.7). It is interesting to note that, using the
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same aggrecanase inhibitor, Lu showed that GAG loss induced by TNFa treatment was
significantly blocked (Yihong C.S. Lu, MIT PhD thesis).
Initial results showed that the effect of the anti-IL-6 Fab on restoring biosynthesis rates
in treated groups was not statistically significant in either human and bovine tissue (Fig. A.8).
However, in human tissue, normal and injured cartilage co-cultured with joint capsule tissue
showed an increase in sulfate incorporation upon addition of the anti-IL-6 Fab, suggesting that
IL-6 from joint capsule may induce the decrease in biosynthesis rate. A positive control for
testing the effect anti-IL-6 antibody showed that IL-6/sIL-6R did, indeed, decrease biosynthesis
in human cartilage tissue, and this catabolic effect of IL-6/sIL-6R was blocked by adding the
anti-IL-6 Fab. Interestingly, bovine cartilage did not respond to IL-6/sIL-6R and there was no
effect of Fab on bovine tissue.
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A.4 Figures
Co INJ+Co
Figure A.1 The effect of 100 nM Dex on the sulfate incorporation rate of bovine calf
cartilage explants subjected to mechanical injury, co-culture with joint capsule and both
treatments. The explants were incubated for total 6 days and radio-labeled for last 48 hrs. 3-
way ANOVA was used to evaluate the effects of injury, co-culture, and Dex, which revealed
that significant effects of injury, co-culture, and Dex were present. In addition, there was
significant interaction between co-culture and Dex. Mean + SEM (n = 6 disks per condition).
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Figure A.2 The effect of 50 nM Dex on the biosynthesis rate of bovine calf cartilage
explants subjected to mechanical injury, co-culture with joint capsule and both treatments. The
explants were incubated for total 4 days and radio-labeled for last 24 hrs. 3-way ANOVA was
used to evaluate the effects of injury, co-culture, and Dex. For both sulfate and proline
incorporation rates, significant effects of injury, co-culture, and Dex were present. In addition,
there were significant interactions between injury and co-culture, injury and Dex, and co-
culture and Dex. No significant interaction among injury, co-culture, and Dex was observed. A.
Sulfate incorporation rate. B. Proline incorporation rate. Mean ± SEM (n = 6 disks per
condition).
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Figure A.3 The effect of 10 nM Dex on the biosynthesis rate of bovine calf cartilage
explants subjected to the combined treatment of mechanical injury and co-culture with joint
capsule. The explants were incubated for total 4 days and radio-labeled for last 24 hrs. 2-way
ANOVA was used to evaluate the effects of the treatment (i.e. injury with co-culture), and Dex.
For sulfate incorporation rate, significant effect of the treatment was present. For proline
incorporation rate, significant effects of the treatment and Dex were present; in addition, there
was significant interaction between the treatment and Dex. A. Sulfate incorporation rate. B.
Proline incorporation rate. Mean ± SEM (n = 6 disks per condition).
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Figure A.4 The effect of 24-hr dynamic compression on the biosynthesis rate of bovine calf
cartilage explants subjected to the combined treatment of mechanical injury and co-culture with
joint capsule. The explants were incubated for total 4 days. During the last 24 hrs, explants
were subjected to dynamic compression (10% offset ± 3%, 0.1 Hz) and radio-labeled
simultaneously. 3-way ANOVA was used to evaluate the effects of injury, co-culture, and
dynamic comprssion. For sulfate incorporation rate, there were significant effects of injury and
co-culture. For proline incorporation rate, there were significant effects of co-culture and
dynamic compressoin. A. Sulfate incorporation rate. B. Proline incorporation rate. Mean
SEM (n = 6 disks per condition).
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Figure A.5 The effect of 24-hr dynamic compression on the biosynthesis rate of bovine calf
cartilage explants subjected to the combined treatment of mechanical injury and co-culture with
joint capsule. The explants were incubated for total 4 days. During the last 24 hrs, explants
were subjected to dynamic compression (10% offset ± 3%, 0.1 Hz) and radio-labeled
simultaneously. 3-way ANOVA was used to evaluate the effects of injury, co-culture, and
dynamic comprssion. For both sulfate and proline incorporation rates, there was significant
effect co-culture, but no other effect was observed. A. Sulfate incorporation rate. B. Proline
incorporation rate. Mean ± SEM (n = 6 disks per condition).
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Figure A.6 The effect of aggrecanase inhibitor on the tissue GAG content. Bovine calf
cartilage explants subjected to the injury, co-culture with joint capsule and both treatments. The
explants were cultured up to 16 days and collected at day 8 and day 16 to measure remaining
sGAG content and DNA content in the tissue. A. Total GAG content in the explants at day 8.
B. GAG content normalized to DNA content in the explants at day 8. C. Total GAG content in
the explants at day 16. D. GAG content normalized to DNA content in the explants at day 16.
Mean ± SEM (n = 6 disks per condition).
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Figure A.7 The effect of aggrecanase inhibitor on the biosynthesis rate and DNA content.
Bovine calf cartilage explants subjected to the injury, co-culture with joint capsule and both
treatments. The explants were incubated for 16 days and radio-labeled for last 48 hrs. A.
Sulfate incorporation rate. B. Proline incorporation rate. C. Total DNA content in the explants.
Mean ± SEM (n = 6 disks per condition).
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Figure A.8 The effect of anti-IL-6 Fab fragment on the sulfate incorporation rate. Adult
human and bovine calf cartilage explants subjected to the injury, co-culture, co-culture with
injury, and injury with IL-6 (50 ng/ml) /sIL-6R (250 ng/ml). The explants were incubated for 6
days and radio-labeled for last 48 hrs. 1-way ANOVA testing the effect of Fab did not find
significant effect on sulfate incorporation for both human and bovine tissue. A. Sulfate
incorporation rate in human tissue. B. Sulfate incorporation rate in bovine tissue. Mean ± SEM
(n = 5 disks per condition).
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